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There are these two young fish swimming along, and they happen to meet an older fish 
swimming the other way, who nods at them and says, "Morning, boys, how's the water?" 
And the two young fish swim on for a bit, and then eventually one of them looks over at the 
other and goes, "What the hell is water?" 
David Foster Wallace   
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Summary 
Highly hydrophobic chemicals with an extremely low aqueous solubility in the range of a 
few µg L-1 are used in a broad range of applications ranging from industrial applications 
(lubricants, flame retardants, preservatives, etc.) to consumer products like cosmetics (also 
referred to as personal care products). Their use in “rinse off” products such as shower gels, 
shampoos, skin creams, hair conditioners, etc., lead to a release of substantial amounts into 
the aquatic environment via the wastewater pathway. Thus, studies on their environmental 
effects on aquatic organisms are strongly required, also in regards to the registration under 
REACH. However, data on potential aquatic toxicity of these highly hydrophobic substances 
are scarce and the application of ecotoxicological standard tests is by no means 
straightforward. Due to strong sorption to surfaces like test vessels and test organisms, but 
also potential degradation and volatilization, the establishment of constant exposure 
concentrations is difficult and most standard tests are not suitable. Moreover, the analytical 
quantification of these compounds in range of their low water solubility is technically 
challenging.  
One approach addressing this problem is the so-called "poorly solubles approach" proposed 
by Tolls et al. in 2009. It is intended to be an assessment tool for the environmental impact 
of poorly soluble substances. It is based upon a grand scale analysis of ecotoxicity data and 
identified a general threshold value for inert substances with a narcotic mode of action 
which defines the lower limit of potentially occurrence of any acute or chronic effect on 
aquatic organisms. Beside this specific approach, the so-called hydrophobicity cut-off in 
toxicity is often discussed. By this theory, the well-established correlation between 
increasing log Kow and increasing bioaccumulation (and toxicity) is limited to substances 
with log Kow values below 6. Above this log Kow, i.e., for highly hydrophobic substances, a 
cut-off in toxicity is reported, leading to a decreasing aquatic toxicity with increasing 
   Summary 
XXII 
hydrophobicity. Multiple explanations for this phenomenon have been published but also 
strongly questioned by a range of recent studies.  
The aim of this thesis was (1) to develop and apply a suitable methodology for a reliable 
adaption of existing ecotoxicological standard tests to highly hydrophobic substances, (2) to 
develop suitable analytics for the detection of these substances in aqueous media at their 
solubility range in the lower µg L-1 area, and (3) to evaluate the results in regards to the 
“poorly solubles approach” and hydrophobicity cut-off phenomena. 
Two hydrophobic model substances were selected: bromochlorophene (BCP), a preservative 
partially used in cosmetics with a log Kow of 6.12, and dodecylbenzene (DDB), a surfactant 
precursor substance with a log Kow of 8.65.    
A conventional silicone O-ring based passive dosing setup was adapted to test the toxicity 
of BCP at different concentrations for aquatic organisms of various trophic levels, i.e., algal 
growth inhibition, Daphnia magna immobilization, and Danio rerio fish-embryo toxicity. 
Effect concentrations derived by passive dosing were additionally compared with 
corresponding effect concentrations derived by standard co-solvent setups. At the same 
time, exposure concentrations (i.e., in the presence of exposed organisms) and freely 
dissolved concentrations (i.e., without organisms present) of BCP were measured and 
compared in all test media. The passive dosing format led to EC50-values in the lower µg L
-1 
range for algae, daphnids, and fish embryos, whereas increased effect concentrations were 
measured in the co-solvent setups for algae and daphnids.  
An optimized passive dosing methodology was developed for ecotoxicity testing and 
solubility determination of highly hydrophobic liquids like DDB in various test systems 
exactly at its saturation limit, i.e., at maximum solubility. Silicone O-rings were saturated by 
direct immersion in pure liquid DDB, which resulted in considerable swelling of >14% 
   Summary 
XXIII 
(loading by swelling). In repeated tests, fast equilibration, improved exposure control and 
good precision of toxicity tests could be demonstrated. 
First, the solubility of DDB in different media was measured in two test setups based on 
silicone swelling and long-term direct addition, and was sufficiently determined in all media 
in the lower µg L-1 range. Afterwards, the new passive dosing format was further developed 
to determine algae growth rate inhibition at DDB solubility. Here, a moderate toxicity level 
of 13±5% (95% CI) in a first and 8±3% (95% CI) in a repeated test was measured. Subsequent, 
more aquatic test systems with organisms of different trophic levels were adapted to the 
new method of passive dosing exactly at saturation. Both, prolonged acute Daphnia magna 
immobilization as well as Danio rerio fish embryo toxicity tests were conducted and further 
optimized. For daphnids testing, where the animals freely migrate through the undisturbed 
water phase, the development of a silicone O-ring enclosure cage was necessary to prevent 
direct contact of the organism to the dosing polymer. Whereas fish embryos did not show 
any toxic response within 96 h, Daphnia immobilization was repeatedly found 
comparatively high at 19.3% (mean) within 72 h in the optimized test system.  
Overall, the results demonstrate that passive dosing in general offers advantages over 
conventional aqueous toxicity testing of hydrophobic substances like BCP, but also that 
optimization work led to precise exposure control even at extremely low concentrations of 
highly hydrophobic liquids like DDB. The new passive dosing approach showed good 
precision and repeatability and the results offer a good basis for discussions on the 
reliability of reported hydrophobicity cut-offs in toxicity and the “poorly solubles 
approach”. A final evaluation of these phenomena based upon the results of just a few 
substances is still difficult. However, the occurrence of toxic responses at extremely low 
solubilities could be clearly shown and strongly argue against the universal applicability of 
toxicity thresholds.  
   Summary 
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Zusammenfassung 
Stark hydrophobe Chemikalien mit einer extrem geringen Wasserlöslichkeit im Bereich von 
einigen µg L-1 werden in einem breiten Spektrum von Anwendungsbereichen, von der 
Schwerindustrie (Schmierstoffe, Flammschutzmittel, Konservierungsmittel, usw.) bis hin zu 
Verbraucherprodukten wie Kosmetika (Körperpflegeprodukte), eingesetzt. Besonderes die 
Verwendung in Kosmetika wie Duschgels, Shampoos, Hautcremes, Haarspülungen, usw. 
führt zu einer Freisetzung von beträchtlichen Mengen in das Abwasser und somit potentiell 
in die aquatische Umwelt. Aus diesem Grund sind Studien zu den Auswirkungen dieser 
Substanzen auf die Umwelt (z.B. auf Wasserorganismen) dringend erforderlich - auch in 
Bezug auf die Registrierung unter REACH. Allerdings sind nur wenige Daten zur 
aquatischen Toxizität dieser Substanzen verfügbar und die Testung in ökotoxikologischen 
Standardtests ist keineswegs einfach. Aufgrund von starker Adsorption an Oberflächen wie 
Testgefäße und Testorganismen, aber auch aufgrund von potentieller Verdampfung und 
Degradation, ist die Aufrechterhaltung konstanter Expositionskonzentrationen sehr 
schwierig und die meisten Standardtests sind ungeeignet. Darüber hinaus ist die analytische 
Quantifizierung dieser Substanzen im Bereich ihrer geringen Wasserlöslichkeit technisch 
anspruchsvoll. 
Ein Ansatz zur Lösung dieses Problems ist der sogenannte „poorly solubles approach“ von 
Tolls et al. aus dem Jahr 2009. Dieser Ansatz ist der Versuch ein umfassendes 
Bewertungsinstrument für die ökotoxikologischen Eigenschaften schwer löslicher 
Substanzen aufzustellen. Er basiert auf einer umfangreichen Analyse von 
ökotoxikologischen Daten und definiert einen Grenzwert für inerte Substanzen mit einem 
narkotischen Wirkungsmechanismus, unterhalb dessen keinerlei akute oder chronische 
Effekte auf Wasserorganismen auftreten sollen. Neben diesem speziellen Ansatz, gibt es eine 
Reihe weiterer Theorien, die zusammen unter der Überschrift „Hydrophobicity cut-off in 
toxicity“ diskutiert werden. Gemeinsame Grundlage dieser Theorien ist ein oft beobachtetes 
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Phänomen bei stark hydrophoben Substanzen: die gut belegte Korrelation zwischen 
steigendem log Kow und zunehmender Bioakkumulation (und Toxizität) beschränkt sich auf 
Substanzen mit log Kow Werten kleiner als 6. Oberhalb dieser Schwelle, also im Bereich 
stark hydrophober Substanzen, wurde häufig vom Auftreten einer abfallenden Toxizität bei 
steigender Hydrophobizität berichtet. Den vielen Erklärungsversuchen für dieses Phänomen 
stehen ebenso viele Studien entgegen, die dieses Phänomen generell in Frage stellen. 
Das Ziel dieser Arbeit war es, (1) eine geeignete Methodik zu entwickeln, um bestehende 
ökotoxikologische Standardtests an die zuverlässige Testung stark hydrophober Substanzen 
anzupassen, (2) geeignete analytische Nachweismethoden für diese Substanzen im Bereich 
ihrer niedrigen Löslichkeit in wässrigen Medien im unteren µg L-1 Bereich zu entwickeln, 
und (3) sowohl „poorly solubles approach“ als auch „hydrophobicity cut-off“ Theorien in 
Bezug auf die Ergebnisse dieser Arbeit zu bewerten. 
Zwei Modellsubstanzen wurden ausgewählt: Bromchlorophen (BCP), ein 
Konservierungsstoff mit einem log Kow von 6.12, der unter anderem im Bereich der 
Kosmetika verwendet wird, und Dodecylbenzol (DDB), einer Substanz aus dem Bereich der 
Tensidproduktion mit einem log Kow von 8,65. 
Zunächst wurde eine Studie basierend auf konventionellem Passive Dosing mit Silikon O-
Ringen durchgeführt, um die Ökotoxizität verschiedener BCP-Konzentrationen auf 
Wasserorganismen unterschiedlicher Trophieebenen zu untersuchen. Hierzu wurden der 
Algenwachstumshemmtest, der Daphnia magna Immobilisierungstest und der Danio rerio 
Fischembryo-Toxizitätstest an die Methodik des Passive Dosing angepasst. Zusätzlich 
wurden die resultierenden Effekt-Konzentrationen mit den entsprechenden Effekt-
konzentrationen aus Standardtests unter Einbringung der Substanz über Lösungsvermittler 
verglichen.  Zeitgleich wurden in allen Medien die BCP Testkonzentrationen (d.h. in 
Gegenwart von Organismen) und frei gelösten BCP Konzentrationen (d.h. ohne 
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Organismen) quantifiziert und verglichen. Die Exposition über Passive Dosing führte zu 
EC50-Werten im unteren µg L
-1 Bereich für Algen, Daphnien und Fischembryonen, während 
in den Standardtests höhere EC50-Werte für Algen und Daphnien gemessen wurden. 
Nachfolgend wurde speziell für stark hydrophobe Substanzen, die unter 
Standardbedingungen flüssig sind (z.B. DDB), eine optimierte Methodik des Passive Dosing 
entwickelt. Ziel war die Möglichkeit der Testung dieser Substanzen exakt an ihrer 
Sättigungsgrenze, d.h. exakt bei maximaler Löslichkeit im entsprechenden Medium. Hierzu 
wurden Silikon O-Ringe durch direkte Beladung in der reinen Testsubstanz gesättigt, was 
zur Bildung eines großen Substanzreservoirs von >14 wt% führt („loading by swelling“). In 
wiederholten Tests konnte eine schnelle Gleichgewichtseinstellung, eine gute Kontrolle 
über die Expositionskonzentration und eine hohe Präzision der Toxizitätstests gezeigt 
werden. 
Zunächst wurde die Löslichkeit von DDB in verschiedenen Testmedien bestimmt, basierend 
sowohl auf der optimierten Passive Dosing Methodik, als auch über Langzeittests unter 
direkter Zugabe der Testsubstanz. In allen Medien konnte die Löslichkeit von DDB im 
unteren µg L-1 Bereich bestimmt werden. Nachfolgend wurde der 
Algenwachstumshemmtest an die neue Methodik angepasst. Hier wird eine moderate 
Toxizität von 13±5% (95% CI) in einem ersten und 8±3% (95% CI) in einem wiederholten Test 
bei maximaler Löslichkeit von DDB gemessen. Weiterhin wurde die Methodik an 
(verlängerte) akute Daphnia magna Immobilisierungtests und Danio rerio Fischembryo-
Toxizitätstests angepasst. Speziell für die Daphnien-Tests wurden als weitere Optimierung 
Silikon O-Ring Käfige entwickelt, um den direkten Kontakt der Organismen mit dem 
Polymer zu verhindern. Während Fischembryonen innerhalb von 96 Std. keine Reaktion auf 
DDB zeigten, konnten im Daphnien Immobilisierungstest nach 72 Std. wiederholt 
vergleichsweise hohe Effekte von 19,3% (Mittelwert) gemessen werden. 
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Insgesamt zeigen die Ergebnisse, dass Passive Dosing bei der Testung von hydrophoben 
Substanzen wie BCP generell Vorteile gegenüber Standardtests bietet. Zusätzlich konnte 
eine Optimierung der Methodik sogar bei extrem niedrigen Konzentrationen wie im Falle 
von stark hydrophoben Flüssigkeiten wie DDB eine exakte Expositionskontrolle bieten. Die 
neue Methodik zeigt eine gute Präzision und eine gute Reproduzierbarkeit, und die 
Ergebnisse stellen eine wichtige Grundlage dar, die Diskussion über „poorly solubles 
approach“ und „hydrophobicity cut-off“ Theorien voran zu bringen. Eine finale Bewertung 
dieser Phänomene auf Basis von nur wenigen Testsubstanzen ist nach wie vor schwierig. Es 
konnte jedoch deutlich gezeigt werden, dass toxische Effekte auch bei extrem niedrigen 
Löslichkeiten auftreten, was klar gegen eine Existenz von allgemeingültigen 
Toxizitätsgrenzen spricht. 
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1.1  Introduction and objectives of this study 
Chemicals with an extremely low aqueous solubility in the range of a few µg L-1 are used in 
a broad range of products. An exact determination of the field of application is barely 
possible, but comprises chemical industry, pharmaceutical industry, oil industry, as well as 
more consumer oriented branches like food processing industry and cosmetics industry. 
Cosmetics, also referred to as personal care products, on their part include a large number 
of different products making use of poorly soluble substances (Figure 1). These poorly 
soluble substances such as long-chain fatty alcohols, esters, and ethers are important 
ingredients of a large number of cosmetic and other consumer products. In particular 
because of their use as emulsifiers and lipophilic components in products such as shower 
gels, shampoos, skin creams, hair conditioners, etc., large quantities of these substances can 
be released into the aquatic environment via the wastewater pathway (Tolls et al. 2009b). A 
low water solubility is mostly directly connected to an exceedingly high log Kow, i.e., a high 
hydrophobicity. Currently, more than 850 substances with a log Kow ≥ 5.5 are registered in 
the European Chemicals Agency (ECHA) database under the EU Chemical Legislation 
regulation (ECHA 2015, OECD 2015).  
Due to their high production volume (Tolls et al. 2009a) and great commercial value, studies 
on the environmental fate and effects of poorly soluble substances on aquatic organisms are 
strongly required, also in regards to the registration under REACh. However, data on the 
aquatic toxicity are scarce for poorly soluble substances. This might be due to the fact, that 
testing of these compounds in standard tests is by no means straightforward. Beside the 
anyway extremely low dissolved concentrations, poorly soluble substances additionally 
strongly adsorb to surfaces like test vessels and test organisms, or do even volatilize. Thus, 
maintenance of constant exposure concentrations at or below solubility over the whole test 
period is difficult (Rufli et al. 1998, Smith et al. 2010b, Smith et al. 2012). Moreover, the 
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analytical quantification of these compounds in range of their low water solubility is 
technically challenging. At the same time, a combination of high stability, lipophilicity, and 
adsorption behavior provide an indication of persistence and an increased potential for 
bioaccumulation. This generally qualifies poorly soluble substances as PBT/vPvB suspected 
substances (persistent, bioaccumulative, toxic / very persistent, very bioaccumulative) 
according to the criteria of Annex XIII of REACh.  
 
Figure 1: Total production of personal care products in Germany in the year 2002. Most important 
product segments and estimation of poorly water-soluble compounds used throughout all these segments 
(adapted from Tolls et al. 2009a). 
 
There are several approaches addressing the problematic testing of poorly soluble 
substances. First to be named here is the so-called "poorly solubles approach" proposed by 
Tolls et al. (2009b). This approach is intended to be an assessment tool for the 
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environmental impact of poorly soluble substances. It is based upon an analysis of more 
than 5,000 validated acute and chronic ecotoxicity data from different databases (ECETOC, 
US EPA fathead minnow database, Utrecht University guppy database) carried out by De 
Wolf et al. (2005). The analysis identified a threshold value for inert substances with a 
narcotic mode of action which defines the lower potential occurrence limit of any acute or 
chronic effect on aquatic organisms. The so-called ETNCaqua (aquatic exposure threshold of 
no ecotoxicological concern) was determined to be 19 µg L-1 by a probability of 95% and 1.9 
µg L-1 including a safety factor of 10, called application factor (De Wolf et al. 2005). Beside 
this specific approach, there is ongoing discussion about a so-called hydrophobicity cut-off 
in toxicity (Mayer and Reichenberg 2006, Mayer and Holmstrup 2008, Könemann 1981, 
Kwon et al. 2016). By theory of this phenomenon, the positive correlation between 
increasing log Kow and increasing bioaccumulation and toxicity is limited for substances 
with high log Kow (i.e., > 6). The cut-off was described to occur within this high log Kow 
range, leading to a decreasing aquatic toxicity with increasing hydrophobicity. Explanations 
for the phenomenon include limited solubility of the substance in the membrane (Overton 
1901), an insufficient time to reach steady state (Veith et al. 1983, Hawker and Connell 
1985), and a limited ability to enter the membrane above a critical molecular size 
(Opperhulzen et al. 1985, Mayer and Reichenberg 2006, Kwon et al. 2016). However, the 
phenomenon has already been questioned by many studies by referring to the melting 
point, i.e., the subcooled liquid solubility, of a toxicant (Mayer and Reichenberg 2006), the 
chemical activity (Mayer and Reichenberg 2006, Mayer and Holmstrup 2008, Reichenberg 
and Mayer 2006), or by prolonging the exposure time of the test organisms (Mayer and 
Reichenberg 2006, Jonker and van der Heijden 2007, Kwon et al. 2016).  
However, the discussion on the reliability of these approaches can only be promoted by 
suitable methodologies and exact experimental investigations on the ecotoxicity of poorly 
soluble compounds. Therefore, the technical aim of this thesis was to develop and improve 
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ecotoxicological methodologies for the testing of poorly soluble substances. The scientific 
aim, however, was to obtain data from the exemplary application of the developed methods 
and to use these data to support the evaluation of the different approaches/theories on 
highly hydrophobic substances.  
 
1.2  Model substances 
Essential for the validity of the conducted tests was the availability of the test compounds in 
a chemically pure form, i.e., mixtures of homologues and isomers had to be excluded. Such 
mixtures are often used in products, e.g., cosmetics, but would complicate an exact 
determination of physicochemical data. Based on available experimental or predicted log 
Kow and/or solubility values, and with regard to the mode of action in toxicity (i.e., baseline 
toxicity) two substances have been selected as model compounds for this study.  
 
1.2.1  Bromchlorophene 
Bromchlorophene (BCP) is an antimicrobial compound with a substituted phenol structure 
(Figure 2). BCP is solid under standard conditions with a melting point of 189 °C. It was used 
as a preservative in a variety of skin and wound disinfectants and in toothpastes (Courant et 
al. 1995). Based upon quantitative structure-activity relationships (QSAR) BCP has a 
predicted log Kow value of 6.12 and a predicted water solubility of 46.6 to 1567.8 µg L
-l (EPI 
Suite; US EPA 2016). An exact prediction of the aqueous solubility is difficult because of the 
polar molecular structure of BCP. Due to its pKa values of 6.2 (dissociation of one proton) 
and 11.9 (dissociation of both protons), at least parts of BCP will be dissolved as anionic 
species with increased water solubility at environmental pH values (Fogg et al. 1970). There 
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were no indications of a non-narcotic mode of action. BCP is commercially available with a 
purity of > 95%. 
 
Figure 2: Molecular structure of bromochlorophene. 
 
1.2.2  Dodecylbenzene 
The structure of dodecylbenzene (DDB) is shown in Figure 3. It is liquid under standard 
conditions with a melting point of -7 °C. DDB is an important intermediate product in the 
production of the surfactant sodium dodecylbenzene sulfonate (Ullmann et al. 1995). In the 
past, it was widely available as part of liquid detergent formulations, e.g., Neolene 400 
(Conoco Inc.). Although it is currently not used as an ingredient in consumer products, such 
as cosmetics, it has been selected as a suitable model compound due to its physicochemical 
properties. DDB offers an experimentally determined log Kow of 8.65 (Sherblom et al. 1992) 
and a predicted very low water solubility in the lower µg L-1 range (EPI Suite; US EPA 2016). 
DDB is commercially available with a purity of > 99.5% and offered no indications of a non-
narcotic (specific) mode of action. 
 
Figure 3: Molecular structure of dodecylbenzene. 
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1.3  Chemical activity 
The chemical activity is a thermodynamic concept which can be generally defined as the 
fraction of saturation in a given reference state at a certain temperature and pressure 
(Gilbert 2011). It quantifies the energetic state of a chemical that determines the potential 
for spontaneous physicochemical processes, such as diffusion and partitioning 
(Schwarzenbach et al. 1993, Reichenberg and Mayer 2006). The chemical activity is given as 
the concentration of the liquid substance divided by the solubility of the pure liquid-state 
substance, both in the respective phase of interest, and defines a thermodynamic 
equilibrium of the pure liquid substance with the phase of interest (Gilbert 2011). 
By definition, the maximum chemical activity of a liquid compound is given to be 1. 
However, for solids (and gases), a chemical activity of 1 cannot be reached as their pure 
liquid state at ambient temperature is hypothetical (Gilbert 2011). For substances that are 
solid at ambient temperature, the “solid-state” solubility is not the appropriate measure as 
the melting enthalpy which is needed to transform the compound from the solid state into 
the liquid state has to be considered (Sijm et al. 1999, Gilbert 2011). This is accounted for by 
selecting the subcooled liquid solubility as the reference state. The ratio between the solid-
state solubility and the subcooled liquid solubility is directly related to the melting point 
temperature of a substance (Sijm et al. 1999). 
This has major influence on the dissolution of a solid substance into an aqueous medium. 
First, the compound must be liberated from the crystal lattice (melting) and then to be 
dissolved from the liquid state into the aqueous form (Mayer and Reichenberg 2006, 
Schwarzenbach et al. 1993, Sijm 1995). All of these processes are energy consuming. If the 
enthalpy needed for melting is high, less energy is available for dissolving. Consequently, 
the aqueous solubility of a solid substance not only depends on its hydrophobicity (e.g., the 
subcooled liquid solubility), but also on its melting enthalpy (Mayer and Reichenberg 2006).  
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One important implication of this relationship is that comparing the solubility of a solid 
substance only based upon the hydrophobicity (e.g., log Kow) with toxic effect 
concentrations (EC) might lead to an artificially created hydrophobicity cut-off in toxicity 
with ECs outrunning the solubility (Mayer and Reichenberg 2006). The log Kow is regarded 
as an insufficient descriptor for the aqueous solubility of a solid substance, as it excludes the 
significant influence of the melting enthalpy (Mayer and Reichenberg 2006). By including 
both, hydrophobicity and melting enthalpy, the chemical activity might be able to prevent 
such misinterpretations. 
Chemicals may exert toxicity via a non-specific mode of action by a simple physical 
partitioning into the lipid membrane causing baseline toxicity (also referred to as narcosis), 
which is a reversible process (Gilbert 2011). In contrast, chemicals with a specific mode of 
action exert toxicity by chemical reactions and/or specific molecule-receptor interactions 
(Gilbert 2011). Several publications have reported about baseline toxicity to occur within a 
narrow range of chemical activities from 0.01 to 0.1 (Bobra et al. 1983, Reichenberg and 
Mayer 2006, Mayer and Reichenberg 2006). As liquid substances (at ambient temperature) by 
definition have a chemical activity of one, the occurrence of baseline toxicity is expected – 
likewise for dodecylbenzene, the test substance of this study. 
 
1.4  Equilibrium partitioning and Passive Dosing 
1.4.1  Passive dosing in general 
Passive dosing has been selected as a suitable method to deliver poorly soluble substances 
into aquatic ecotoxicity tests systems. Several passive dosing formats have already been 
developed and applied to test the toxicity of hydrophobic chemicals in various test systems 
and to gain a better understanding of toxicity, toxicity cut-offs, and also mixture toxicity 
(Mayer and Holmstrup 2008, Smith et al. 2013b, Smith et al. 2010a, Butler et al. 2013, Birch et 
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al. 2010, Schmidt et al. 2013, Smedes et al. 2009). The methodology of passive dosing is based 
upon equilibrium partitioning from between a solid phase (reservoir), e.g., in form of a 
polymer, which is loaded with a defined amount of the test substance and the aqueous 
phase (test medium) (Mayer et al. 1999). The test substance diffuses from the solid phase to 
the liquid phase until a substance specific equilibrium is reached. If the amount of test 
substance in the solid phase and the desorption rate are sufficiently high, the equilibrium 
concentration is kept constant by continuous partitioning of the test substance. Depletion, 
e.g., by sorption, decomposition, evaporation, or intake by organisms is buffered 
(compensated) by release from the reservoir. Thus, a constant freely dissolved concentration 
can be maintained throughout the whole test period (Smith et al. 2010a). Suitable polymers 
used for passive dosing are numerous; but due to their chemically inert properties and bio-
compatibility, mainly silicone (e.g., in the form of silicone O-rings) and 
polydimethylsiloxane (PDMS) have been utilized in the past (Smith et al. 2010b, Bougeard et 
al. 2011, Smith et al. 2012, Smith et al. 2013a, Gilbert et al. 2014, Vergauwen et al. 2015, 
Kwon et al. 2009, Mayer and Holmstrup 2008). In the present study, mainly silicone O-rings 
have been utilized. Due to industrial production, variations in composition, size, and weight 
are low. To allow for sufficiently stable concentrations, the solid phase, i.e., the reservoir, 
should be the dominating phase. Regarding the low solubility of poorly soluble compounds 
in aqueous media and the high uptake-capacity of silicones, it is easy to reach a factor in the 
range of 104 between substance concentrations in reservoir and test medium. Thus, passive 
dosing from silicone (e.g., silicone O-rings) seems perfectly suitable for the testing of poorly 
soluble substances.  
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1.4.2  Conventional passive dosing 
In ecotoxicological studies it may be necessary to test a range of different concentrations. 
To establish different defined concentrations by passive dosing, loading of the reservoir is 
carried out with different test substance solutions (Smith et al. 2010a). First, a saturated 
stock solution consisting of a solvent (e.g. methanol) and the test substance is prepared. The 
supernatant of this stock solution is further diluted, thus, creating a series of different 
concentrations. During the loading procedure, an equilibrium is formed between the 
respective loading solution (Csolvent) and the reservoir (Csilicone). The equilibrium constant of 
the test substance distribution between loading solution and reservoir (Ksolvent:silicone) 
corresponds to the ratio of the concentrations in the loading solution and solid phase. If the 
loaded reservoir is afterwards equilibrated with an aqueous solution (e.g., test media), the 
equilibrium constant (Ksolvent:silicone) remains the same for different concentrations in the 
reservoir (Csilicone), thus, resulting in different defined concentrations in the aqueous phase 
(Cmedium). 
𝐶𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒 (𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑) = 𝐾𝑠𝑜𝑙𝑣𝑒𝑛𝑡:𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒 × 𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡 
𝐶𝑚𝑒𝑑𝑖𝑢𝑚 (𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑) = 𝐾𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒:𝑚𝑒𝑑𝑖𝑢𝑚 × 𝐶𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒 
 
In case of loading the reservoir with the saturated stock solution, thus, with the maximum 
possible amount of test substance, the resulting Cmedium approximately corresponds to the 
maximum solubility of the test substance in the aqueous medium. To reach saturation, the 
loading solution has to be kept saturated throughout the whole loading period. Making 
benefit of this aspect, passive dosing can also be utilized for solubility studies beside 
ecotoxicological tests (see Chapter 3). 
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1.4.3  Passive dosing limit test 
Based on the conventional passive dosing, which has repeatedly been described in the 
literature (Mayer and Holmstrup 2008, Mayer et al. 1999, Gilbert et al. 2014, Smith et al. 
2010a, Smith et al. 2010b, Birch et al. 2010, Schmidt et al. 2013), a new format (the passive 
dosing limit test) has been developed in the present study and will be described in detail in 
Chapter 4 and Chapter 5. The decisive factor for this step was the fact that in previous 
studies passive dosing has been exclusively utilized to test solid chemicals. Dodecylbenzene 
as one of the test substances in this study is liquid under standard conditions; so are more 
than 300 substances with a log Kow ≥ 5.5 registered under REACh in the ECHA database 
(ECHA 2015, OECD 2015). Like for other highly hydrophobic substances, there are no 
suitable ecotoxicological test systems available for this group of chemicals. The 
methodology of the passive dosing limit test is based upon a solvent-free loading procedure 
using silicone O-rings as a reservoir. The O-rings are loaded with the pure liquid test 
substance until complete saturation. The methodology utilizes the swelling potential of 
silicones (and other polymers) in contact with lipophilic liquids and solvents (Lee et al. 2003, 
Mahomed et al. 2010). The loading of the reservoir with the pure liquid test substance leads 
to a direct uptake into the silicone (swelling). The degree of swelling is both substance and 
time dependent, controlling the amount of loaded test substance (swelling potential). For 
dodecylbenzene a swelling potential of 14.5% was determined in the silicone O-rings (see 
Chapter 4). Considering an expected aqueous media solubility of dodecylbenzene in the 
lower µg L-1 range, a swelling potential of 14.5% ensures a sufficient buffer capacity also for 
long term experiments. In addition, the saturation of the reservoir with the pure liquid test 
substance results in a Cmedium exactly at saturation (i.e., the maximum solubility; see above). 
Finally, the method offers the advantages to avoid the use of solvents, to load and 
equilibrate the system very quickly, and to easily adapt it to different ecotoxicological test 
systems (see Chapter 5).  
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1.5  Structure of this thesis 
This thesis is structured into 6 Chapters beginning with the ongoing Chapter. Each Chapter 
features its own introduction, materials and methods, results, and discussion section. All 
references cited within one Chapter have been listed in a section towards the end of each 
Chapter.  
Chapter 1: General introduction 
Chapter 2:  Improving the reliability of aquatic toxicity testing of hydrophobic chemicals via 
equilibrium passive dosing – A multiple trophic level case study on 
bromochlorophene (Ecotoxicological investigations on the test substance 
Bromochlorophene combining conventional passive dosing with solvent 
spiking studies) 
Chapter 3:  Determining the solubility of highly hydrophobic chemicals in aqueous media 
(Experimental determination and computer based prediction of the aqueous 
solubility of the highly hydrophobic test substance dodecylbenzene) 
Chapter 4:  Aquatic toxicity testing of liquid hydrophobic chemicals – Passive dosing exactly 
at the saturation limit (Development of the passive dosing limit test and 
application to algal growth inhibition assays) 
Chapter 5:  Liquid hydrophobic chemicals – applying the saturation limit to aquatic toxicity 
testing (Application of the passive dosing limit test to acute Daphnia 
immobilization and fish embryo toxicity tests) 
Chapter 6:  General conclusion 
Appendix 
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2.1  Abstract 
The main objective of the present study was to improve the reliability and practicability of 
aquatic toxicity testing of hydrophobic chemicals based upon the model substance 
bromochlorophene (BCP). Therefore, we adapted a passive dosing format to test the toxicity 
of BCP at different concentrations and in multiple test systems with aquatic organisms of 
various trophic levels. At the same time, the method allowed for the accurate determination 
of exposure concentrations (i.e., in the presence of exposed organisms; Ctest) and freely 
dissolved concentrations (i.e., without organisms present; Cfree) of BCP in all tested media. 
We report on the joint adaptation of three ecotoxicity tests – algal growth inhibition, 
Daphnia magna immobilization, and fish-embryo toxicity – to a silicone O-ring based 
equilibrium passive dosing format. Effect concentrations derived by passive dosing methods 
were compared with corresponding effect concentrations derived by standard co-solvent 
setups. The passive dosing format led to EC50-values in the lower μg L
−1 range for algae, 
daphnids, and fish embryos, whereas increased effect concentrations were measured in the 
co-solvent setups for algae and daphnids. This effect once more shows that passive dosing 
might offer advantages over standard methods like co-solvent setups when it comes to a 
reliable risk assessment of hydrophobic substances. The presented passive dosing setup 
offers a facilitated, practical, and repeatable way to test hydrophobic chemicals on their 
toxicity to aquatic organisms, and is an ideal basis for the detailed investigation of this 
important group of chemicals. 
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2.2  Graphical abstract 
 
Figure 4: Graphical Abstract of Chapter 2 illustrating the experimental setups and the test 
organisms of the bromochlorophene studies.  
 
2.3  Keywords 
Bromochlorophene – passive dosing – freely dissolved concentration – algae – Daphnia 
magna – Danio rerio 
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2.4  Introduction 
Hydrophobic chemicals, which have high octanol water partition coefficients 
(i.e. log Kow > 5) are used in a broad range of applications. Currently, more than 850 
chemicals with a log Kow ≥ 5.5 are registered in the European Chemicals Agency (ECHA) 
database within the EU Chemical Legislation regulation REACh (OECD 2015, ECHA 2015). 
In the field of cosmetics (also referred to as Personal Care Products; PCP), a high amount of 
ingredients is estimated to be hydrophobic and, e.g., applied as emulsifiers or preservatives 
(Tolls et al. 2009). A high production volume and the typical way of ‘rinse off’ application 
promotes the potential transfer of substantial amounts of these chemicals from wastewater 
to the aquatic environment (Brooks et al. 2009, Daughton 2002, Damme et al. 2011). 
Additionally, these chemicals are of high environmental concern because of their 
unfavorable environmental properties, i.e., persistence, bioaccumulation potential, and 
toxicity. 
Reliable assessments of environmental fate, exposure, and effects of these compounds are 
urgently needed. However, the experimental measurements are associated with scientific, 
conceptual, and technical challenges. Maintenance of constant exposure concentrations 
during aquatic toxicity testing is difficult due to extensive sorption of the substances to 
surfaces such as test vessels, micro particles, and organisms (Mayer et al. 1999, Smith et al. 
2010a, Smith et al. 2010b). Also, analysis of the freely dissolved concentration in the test 
medium (Cfree) over time is by no means straightforward. Several publications have 
discussed the importance of substance quantification by appropriate methods (e.g., solid 
phase micro extraction - SPME), especially in case of hydrophobic chemicals (Birch et al. 
2010, Jonker and van der Heijden 2007). 
Knowledge of the water solubility and lipophilicity (log Kow) is mandatory for developing 
suitable ecotoxicity test regimes. However, reliable data on the water solubility of 
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hydrophobic chemicals are often not readily available in literature. Also experimentally 
determined solubility values according to standard guidelines (OECD 105, OECD 1995) are 
scarce and prognostic tools using available structure analysis software are not always 
reliable for describing the substance properties.   
There is intensive discussion about the aquatic ecotoxicity testing of hydrophobic chemicals 
and the modification of standard procedures (Mayer and Reichenberg 2006, Mayer et al. 
1999, Smith et al. 2010b, Rufli et al. 1998, Kwon et al. 2016, Stibany et al. 2017). One method 
regarded as suitable for the testing of hydrophobic chemicals in particular is passive dosing, 
where a polymer (e.g., silicone) is loaded with the test substance at different concentrations 
up to saturation and acts as a reservoir (Mayer and Holmstrup 2008, Mayer et al. 1999, 
Smith et al. 2010a, Smith et al. 2010b, Birch et al. 2010). The silicone polymer is able to take 
up considerable amounts of the hydrophobic test substance, and can provide constant 
exposure concentrations in the test medium by equilibrium partitioning. Silicone O-rings 
have proven versatile for the passive dosing of hydrophobic chemicals in environmental and 
toxicological testing and research (Smith et al. 2010b, Bougeard et al. 2011, Smith et al. 2012, 
Schmidt et al. 2013, Gilbert et al. 2014, Vergauwen et al. 2015, Seiler et al. 2014, Butler et al. 
2013, Smith et al. 2013a). Additionally, O-rings are practicable, compatible with many 
different aquatic toxicity test systems, and commercially available in high quality and 
multiple standardized sizes.    
In the current study, different aquatic toxicity tests (according to OECD) have been adapted 
to a passive dosing format: the algal growth inhibition test with the green algae 
Desmodesmus subspicatus (OECD 2011, Eisentraeger et al. 2008), the Daphnia magna 
immobilization test (OECD 2004, Eisentraeger et al. 2008), and the fish embryo toxicity test 
with the zebrafish Danio rerio (OECD 2013, Johann et al. 2016). The preservative agent 
bromochlorophene (BCP; also referred to as 2,2′-methylenebis(6-bromo-4-chlorophenol)) 
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was selected as a model compound. With predicted log Kow values of 6.12 (EPI Suite, US EPA 
2016) and > 5.82 (pH < 7.4; ACD/I-Lab 2016) its hydrophobicity is high, with a 
correspondingly low solubility in water. Due to its anti-microbial, germicidal, and 
preserving properties, it is used as an antimicrobial agent in personal care products like 
deodorants, antiseptic soaps, mouthwashes, and toothpaste (Courant et al. 1995, Moran et al. 
2005, Ash and Ash 2004). Similar substances like dichlorophene are in widespread use as 
antimicrobial agents, e.g., in household products agents (Ash and Ash 2004, Lone et al. 2017, 
Kwon et al. 2013). However, experimental data on the aquatic toxicity of BCP as well as 
predicted environmental concentrations are currently not available. With the current study 
we provide first experimental data on this unevaluated chemical. 
The main technical and scientific objectives of this study were: (1) the application of a 
reliable dosing method for the aquatic toxicity testing of hydrophobic substances, while 
improving practicability by the conduction of three different test systems and simultaneous 
measurement of freely dissolved concentrations (Cfree) in the respective media over time, (2) 
the achievement of a comprehensive series of aquatic toxicity test data with a chemical of 
unknown toxicity and organisms of different trophic levels by passive dosing 
methodologies, and (3) the comparison of the derived effect data with effects measured by 
standard methods, such as co-solvent spiking. 
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2.5  Material and Methods 
2.5.1  Chemicals and materials  
Analytical grade bromochlorophene was used as model compound (CAS 15435-29-7; 
> 95.0%; TCI Europe N.V., Belgium, product code M1940). Food-grade silicone O-rings were 
used as partitioning donors in the passive dosing experiments (Altec Products Ltd., United 
Kingdom). The O-rings differed in cross section (CS) and (outer) diameter (OD), i.e., in mass. 
Depending on the size of the test vessels and the amount of medium applied in the different 
experiments, the following sizes of O-rings made from the same polymer material were 
used: (i) algal growth inhibition test: Altec ORS-BS316, CS of 5.33 mm, OD of 32.25 mm, and 
mass of 2460 mg, (ii) Daphnia magna immobilization test: Altec ORS-BS309, CS of 5.33 mm, 
OD of 21.13 mm, and mass of 1453 mg, and (iii) fish-embryo toxicity test: Altec ORS-BS131, 
CS of 2.62 mm, OD of 47.76 mm, and mass of 991 mg (Altec Products Ltd., United Kingdom). 
Algal growth inhibition tests were conducted in 100-mL Erlenmeyer flasks (VWR 
International GmbH, Germany), Daphnia magna immobilization tests were conducted in 40-
mL glass vials (VWR International GmbH, Germany), and fish-embryo toxicity tests were 
conducted in 50-mL crystallizing dishes (VWR International GmbH, Germany). To minimize 
sorption, only inert materials (e.g. glass, stainless steel, and PTFE) were in contact with the 
test media. All solvents were purchased from VWR (HPLC grade, VWR International GmbH, 
Germany). Milli-Q water (Milli-Q-Reagent Grade Water System, Merck Millipore, Germany) 
and lint-free tissues (Karl Hecht GmbH, Germany) were used for rinsing and drying, 
respectively.  
 
2.5.2  Loading the silicone O-rings with BCP  
Before use, glassware was rinsed twice with ethanol and Milli-Q water, respectively. The 
silicone O-rings were carefully pre-cleaned before loading in order to remove potential 
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impurities. First, O-rings were soaked for 2 h in excess methanol (shaking at 150 rpm). The 
cleaning step was then repeated overnight in a fresh portion of excess methanol, before the 
O-rings were soaked in methanol for 2 h again and finally rinsed in Milli-Q water over 
night. The O-rings were left to dry for at least 24 h at room temperature. 
A saturated BCP stock solution was created by the addition of excess BCP to pure methanol, 
followed by constant shaking for at least 48 h (Smith et al. 2010a). The solid phase of pure 
BCP was then given another 24 h to settle, separating it from the overlying saturated BCP 
methanol stock solution. Loading solutions with different concentrations were afterwards 
prepared by dilution of this BCP methanol stock solution. All silicone O-rings were loaded 
together in the same closed glass vial, immersed into 1 mL of loading solution per 1 mg 
silicone. In the following chapters, the specified loading percentage always refers to 
saturated loading (100%). As equilibration of saturated O-rings results in the maximum 
aqueous solubility, the loading percentage approximately correlates with the respective 
percentage of the maximum solubility. In order to ensure equilibration between the silicone 
O-rings and the loading solution, loading was performed for 72 h at room temperature in 
the dark with constant shaking at 150 rpm (Shaker model 3017, GFL, Burgwedel, 
Deutschland). After loading, the loading solution was discarded, the O-rings were rinsed 
twice for 25 min in Milli-Q water (shaking at 200 rpm), and then dried at 70 °C for 24 h in 
order to evaporate remaining methanol. Unloaded control O-rings were treated equally, i.e., 
loaded in pure methanol instead of BCP solution. 
To quantify the total amounts of BCP loaded into the used silicone O-rings, five O-rings of 
each type were measured gravimetrically before and after loading, rinsing, and drying 
(SCALTEC SBA 31, SCALTEC Instruments). In this case, the saturated loading was 
investigated, and therefore respective O-rings were loaded with the pure BCP methanol 
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stock solution. To ensure saturation, attention was paid to the presence of pure BCP 
(crystals) over the whole loading period of 72 h.   
   
2.5.3  Determination of BCP water solubility   
The solubility of BCP in water was determined according to the column elution method 
described in OECD guideline 105 (OECD 1995). BCP was dissolved in methanol and 600 mg 
of glass beads (CS 0.75–1.00 mm) were added as the substance carrier. After the solvent was 
evaporated for at least 24 h at 70 °C, the glass beads were filled into the flow-through 
column. Finally, Milli-Q water was added. After 2 h of pre-equilibration between glass beads 
and medium, the column elution was started with a flow rate of 25 mL h− 1 (MZR-2921 
pump, Labomedic GmbH, Germany). After 16, 18, 24, 32, 30, and 48 h, three samples were 
taken each time, and quantified by means of HPLC (Agilent 1200 series, Agilent 
Technologies, USA) with mass spectrometer analysis (LTQ Orbitrap XL™, Thermo 
Scientific, USA). As the eluent, solvent A (63% water and 37% acetonitrile spiked with 0.02% 
acetic acid (VWR International GmbH, Germany)) was mixed with solvent B (50% 
acetonitrile and 50% isopropanol) using the following gradient: 0 min 100% solvent A - 
linear decrease until 45% solvent A in 7 min - constant ratio for 5 min - further decrease 
until 0% solvent A in 3 min - constant ratio for 3 min - back to 100% solvent A in 5 min – 
constant ratio for 5 min. A Hypersil GOLD™ RP18 column with dimensions of 150 × 4 mm 
and a particle size of 3 μm was used. An injection volume of 10 μL and a flow rate of 
0.3 mL min− 1 were applied. The values determined after 30 h were regarded constant and 
applied for calculating the plateau concentration respectively the water solubility of BCP.  
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2.5.4  Ecotoxicity investigations  
All three test systems, algal growth inhibition test (Desmodesmus subspicatus), acute 
Daphnia magna immobilization tests, and fish embryo toxicity tests (Danio rerio) were 
conducted according to OECD guidelines (OECD 2011, OECD 2004, OECD 2013, Johann et 
al. 2016, Eisentraeger et al. 2008). Prior to usage, all test media were aerated for at least 12 h 
and the pH was adjusted afterwards. 
Three days before test start, algal pre-cultures were started from a stock culture in 
Erlenmeyer flasks under constant light (100 μE m− 2 s− 1 white fluorescent light) at 24±2 °C 
and shaking at 120 rpm. Desired cell density at test start (to be reached within three days of 
pre-culturing) was 5 · 103 cells mL− 1, measured by means of in vitro fluorescence 
measurement. Fluorescence was measured at room temperature on a Tecan Group Ltd. 
Infinite M200 microplate reader with an excitation wavelength of 485±20 nm and an 
emission wavelength of 685±9 nm. 
All test media were pre-equilibrated for 48 h in order to ensure BCP equilibrium between 
silicone O-rings and the medium at the test start. Therefore, silicone O-rings of all 
concentrations, including unloaded controls, were inserted into the test vessels separately 
and the respective medium was added (algae: 50 mL; daphnids/fish: 20 mL). All test vessels 
were closed with Parafilm® or PTFE lined caps (daphnids) to avoid evaporation. To avoid 
photodecomposition, pre-equilibration was performed in the dark. Algal test vessels were 
kept at experimental conditions during the pre-equilibration (24±2 °C/120 rpm), Daphnia 
vessels were kept at 20±0.5 °C/150 rpm, and FET vessels at 26±1 °C/150 rpm. In case of 
DMSO co-solvent spiking experiments, test concentrations were established by direct 
addition of BCP DMSO solutions, whereas no pre-equilibration was performed prior to the 
test start. DMSO concentration was 0.5 mL L− 1 in all treatments including controls. In case 
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of the algal tests, two types of DMSO co-solvent spiking experiments have been performed 
separately in 100 mL Erlenmeyer flasks as well as in 24-microwell plates. 
The number of conducted tests, test concentrations, and replicates is given in Table 1. All 
tests included controls (with unloaded O-rings resp. solvent) and global controls (without 
any passive dosing polymer). 
Table 1: Data of the algal growth inhibition tests, Daphnia immobilization tests, and fish embryo 
toxicity tests with bromochlorophene. Given are amount of conducted tests, tested concentrations, and 
amount of replicates. 
 Number 
of tests 
Tested concentrations  Replicates per 
concentration 
(control/global control) 
 
Algal growth inhibition 
test Passive Dosing 
 
4 50, 25, 12.5, 6.3, 4.2, 3.1, 2.1, 1.6, 1.0, 0.8, 0.4, 
and 0.2% (% of O-ring saturation) 
4 (4/4) 
Algal growth inhibition 
test DMSO co-solvent 
spiking 
 
2 2.0, 1.0, 0.5, 0.2, 0.05, and 0.025 mg L-1 3 (3/4) 
Daphnia immobilization 
test Passive Dosing 
 
4 25.0, 12.5, 10.0, 7.1, 6.3, 3.1, 1.6, and 0.4% (% 
of O-ring saturation) 
4 (5/5) 
Daphnia immobilization 
test DMSO co-solvent 
spiking 
 
2 4.0, 2.0, 1.0, 0.5, 0.2, and 0.05 mg L-1 4 (4/5) 
Fish-embryo toxicity test 
Passive Dosing 
 
4 25.0, 12.5, 6.3, 3.1, 1.6, 0.8, 0.4, and 0.2% (% 
of O-ring saturation) 
3 (4/4) 
 
At test start, test organisms were added to the pre-equilibrated vessels: algae inocula from 
the pre-culture (target cell density of 5 · 103 cells mL− 1), five neonate daphnids per replicate 
(max. 24 h after hatching), or five fish eggs per replicate (max. 3 h after laying), respectively. 
Afterwards, the test vials were again closed and kept fully randomized under test conditions 
(algae: white fluorescent light (100 μE m− 2 s− 1), 24±2 °C/120 rpm; daphnids: 16/8 h 
light/dark regime, 20.0±0.5 °C; fish: in the dark, 26±1 °C). To ensure validity of the test, pH 
was measured in one global control per test at test start and again after the last sampling. 
The pH drift and the temperature data of all tests were within the range suggested by the 
OECD guidelines. 
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Algal growth was determined after 24, 48, and 72 h by in vitro fluorescence measurement 
(Mayer et al. 1997). After gentle shaking, a 2-mL sample was taken from each replicate 
(Erlenmeyer flasks) and transferred to a 24-microwell plate with a syringe. In case of the 24-
microwell plate experiments, measurement was performed directly in the microwell plate. 
Triplicate fluorescence measurements were conducted for each sample including all 
controls. All data were corrected for background fluorescence measured in pure algal 
medium. In order to verify exponential growth, controls were monitored for reaching 
growth rates of 1.4 d− 1 and 0.92 d− 1, as proposed as a minimum validity criterion by the 
DIN and OECD guidelines, respectively (OECD 2011, DIN 2012). The specific growth rate (μ, 
d− 1) and growth inhibition (I, %) was calculated as stated in OECD 201 (OECD 2011). 
Immobilization of the daphnids and fish embryo (sub-)lethality were determined after 24 h 
and 48 h according to the OECD guidelines. Lethal effects in the FET tests were: egg 
coagulation, no tail detachment, no somite formation, no heartbeat (only after 48 h). 
Sublethal effects are not further discussed in this study. Exact quantification of the freely 
dissolved BCP concentrations was conducted after each test (see below). All data are 
provided in Appendix Chapter 2: Supplementary material. 
 
2.5.5  Exposure confirmation (Cfree)  
To confirm delivery of BCP to the medium by passive dosing at different concentrations, 
Cfree was measured in parallel experiments which were analogous to the algal growth 
inhibition test, the Daphnia magna immobilization test, and the fish-embryo toxicity test but 
with no organisms present. Seven to nine loaded O-rings per concentration were added to 
replicate vials and the respective test media was added. Equilibration was performed for 
48 h at 150 rpm in the dark prior. Medium samples were then taken after the end of the 
tests, i.e., after 48 h of the Daphnia magna immobilization tests and the fish-embryo toxicity 
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tests, and after 72 h of the algal growth inhibition tests. Media of all replicates were 
analyzed correspondingly as described below. 
 
2.5.6  Exposure confirmation (Ctest)  
To estimate the influence of test organisms and associated byproducts on potential 
accumulation of test substance in the medium, test concentrations, Ctest, were measured in 
all passive dosing biotests. Therefore, after the end of each test, i.e., after 48 h for the 
Daphnia magna immobilization test and the fish-embryo toxicity test, and 72 h for the algal 
growth inhibition test, all replicates per concentration were pooled. To remove larger 
particles, the test media were filtered by means of a glass microfiber filter (particle retention 
0.7 μm; VWR International GmbH, Germany). Afterwards, media samples were analyzed as 
described below. The pooling of replicates within the concentrations resulted in two to six 
data points per concentration, depending on the number of conducted biotests. The BCP 
DMSO co-solvent setup was based upon nominal spiked concentrations. The data are 
provided in Appendix Chapter 2: Supplementary material. 
 
2.5.7  Analytics  
BCP as a non-volatile substance, was derivatized by one-step acetylation (Alfieri et al. 1989). 
In order to allow analysis by means of gas chromatography and electron capture detection 
(GC-ECD). This method is based on acetylation of the aromatic rings of BCP with acetic 
anhydride. 
After transfer of the 50 mL media samples to 100 mL glass bottles, 5 mL of n-hexane and 1 g 
of KHCO3 (Merck Millipore, Germany) were added, followed by gentle shaking and pressure 
relieving. The bottles were then closed tightly and shaken for 15 min at 150 rpm. After 
   Chapter 2 
    30 
shaking, 250 μL acetic anhydride (> 99%, Sigma-Aldrich, Germany) was added followed by 
shaking for 30 min at 150 rpm. Afterwards 0.5 g KCl (99%, Sigma-Aldrich, Germany) was 
added to stabilize the derivatization product and to avoid reverse reactions. The sample was 
shaken again for 30 min at 150 rpm. In all steps only inert materials were used to prevent 
sorption of the test substance. 
Subsequently, the organic phase was separated from the aqueous phase using a 100 mL 
separating funnel (conical, ungraduated, VWR International GmbH, Germany). The 
extraction of the aqueous phase was repeated twice by addition of 2.5 mL n-hexane, shaking 
for again 15 min at 150 rpm, and separation of the organic phase. All extracts were 
combined and dried by addition of 4 g Na2SO4 (Merck Millipore, Germany). 
After at least 24 h of drying, 1 mL of each sample was analyzed and BCP quantified by 
means of GC-ECD (Agilent GC 6890 N). A sample volume of 1 μL was injected in splitless 
mode on an Agilent HP5 0.32 mm, 30 m column (Agilent Technologies, USA). The carrier 
gas was nitrogen, operated at a flow rate of 0.8 mL min− 1. The following temperature 
program was used: 60 °C between 0 and 5 min, then constant heating of 10 °C/min up to 
300 °C, which was finally kept constant for 5 min. Thus, the total duration of each 
measurement was 34 min. BCP concentration was quantified by use of an eight-point 
external standard calibration curve ranging from 10 to 2500 μg L− 1. The limit of detection 
was 10 μg L− 1, the limit of quantification ca. 30 μg L− 1. The curve was fitted with a second 
order polynomial regression (data are shown in Appendix Chapter 2: Supplementary 
material). Signal integration was performed by Chemstation software (B.03.01, Agilent 
Technologies, USA). 
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2.5.8  Data treatment  
To identify possible outliers, the Hampel outlier test was performed to assess the algal 
growth rates, Daphnia magna immobilization results, and fish embryo mortality data as well 
as the analyzed BCP concentrations (P < 0.05). Detected outliers are marked in the data 
given in Appendix Chapter 2: Supplementary material. Regression curves from test analytics 
and Cfree comparison (Figure 7) were fitted with second order polynomial models (GraphPad 
Prism 6.01, GraphPad Software, La Jolla, CA, USA). Dose-response relationships (Figure 5A-
C) were fitted by a probit analysis (ToxRat 2.10, ToxRat Solutions GmbH, Alsdorf, Germany) 
and visualized with GraphPad Prism. 
 
2.6  Results 
2.6.1  Equilibrium passive dosing  
Passive dosing is a well-established technique for achieving constant exposure 
concentrations in aqueous media. Several approaches have been reported for saturating the 
passive dosing polymer with a solid hydrophobic chemical (Mayer and Holmstrup 2008, 
Smith et al. 2010b, Kwon and Kwon 2012, Smith et al. 2010a, Schmidt et al. 2013, Tcaciuc 
2015). Based upon these, we expected a loading time of 72 h and a subsequent media 
equilibration time of 48 h to be sufficient for BCP. The amount of BCP taken up by the 
silicone O-rings was quantified gravimetrically. After saturation, the silicone O-rings 
contained each 2.68±0.07% (w/w; mean±SD) of BCP. In case of the O-rings used in the algae 
tests, where the medium/silicone ratio was the largest, this results in a total amount of 
66.3±1.7 mg BCP (mean±SD) per O-ring. Assuming an aqueous solubility of 8.4±0.5 mg L− 1 
(mean±SD), this implies a sufficient buffer capacity (roughly 160 times the expected 
solubility) for re-supplying BCP to the test media during the ecotoxicity tests. 
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2.6.2  Ecotoxicity investigations on BCP  
Algae: The algal growth inhibition tests based on passive dosing resulted in a mean EC50-
value (growth inhibition) of 0.08±0.01 mg L− 1 (95% CI) within 72 h (Figure 5A). Experiments 
conducted via BCP DMSO co-solvent spiking resulted in mean EC50-values of 
0.23±0.01 mg L− 1 (95% CI) in the 24-microwell plates and 0.36±0.04 mg L− 1 (95% CI) in the 
100 mL flasks, respectively (Figure 5A). There was no significant difference in test results 
between the O-ring controls, DMSO controls, and global controls. Controls of all tests 
showed exponential growth during the 72 h test duration with growth rates well above the 
required 0.92 d− 1 (OECD 2011), and all validity criteria of the test were met. 
 
Daphnia magna: The Daphnia magna immobilization tests conducted via passive dosing 
resulted in a mean EC50-value (immobilization) of 0.20±0.07 mg L
− 1 (95% CI) within 48 h 
(Figure 5B). However, the single experiments showed more or less unsteady immobilization 
effect and resulted in comparatively large standard deviations especially between 0.1 and 
0.5 mg BCP L− 1. The upper BCP concentrations were more stable. The experiments 
conducted via BCP DMSO co-solvent spiking were more stable and resulted in a mean EC50-
value of 0.17±0.01 mg L− 1 (95% CI). In contrast, the EC10-value from the passive dosing 
experiments was slightly lower at 0.05±0.04 mg L− 1 (95% CI) than in the BCP DMSO 
experiments at 0.13±0.01 mg L− 1 (95% CI) (Figure 5A). Here also no significant differences 
between the results of the O-ring controls, DMSO controls, and global controls were 
detected. Controls of all tests did not show any immobilization during the 48 h test duration, 
and all validity criteria of the test were met. 
Fish embryos: The fish-embryo toxicity test was only conducted via passive dosing and 
resulted in a mean EC50-value (mortality) of 0.21±0.08 mg L
− 1 (95% CI) and a mean EC10-
value of 0.08±0.04 mg L− 1 (95% CI) within 48 h (Figure 5C). No significant differences 
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between the O-ring controls and global controls were detected. In none of the controls 
mortality was observed during the 48 h test duration, and all validity criteria of the test 
were met. 
Comparison: Comparing the different passive dosing setups, EC50-values detected in the 
Daphnia magna immobilization test and the FET test were almost equal, whereas it was 
slightly lower in the algal growth inhibition test. Nevertheless, a shift of the EC-values was 
visible between the passive dosing setup and the different BCP DMSO co-solvent setups in 
the algal tests. Both, EC50 and EC10 were higher in the co-solvent setups. This was also 
visible for the EC50 in the Daphnia tests, however markedly lower. 
 
Figure 5: Dose-response relationships of all conducted bromochlorophene ecotoxicity tests. Each 
data point indicates the mean effect of all replicates per test and concentration. The horizontal bars indicate 
the total mean per concentration. The black lines show the curve fit of a probit analysis through all data points 
of a respective test setup, the dashed black lines show the confidence region (95% CI). The dashed red lines 
show the respective EC10 and EC50 values. A) Algae growth inhibition test: The first graph shows the results 
of the passive dosing setup, second and third graphs show the results of BCP DMSO co-solvent setups in 
multiwall plates and flasks respectively. B) Daphnia magna immobilization test: The first graph shows the 
results of the passive dosing setup, the second graph shows the results of BCP DMSO co-solvent setup. C) Fish 
embryo toxicity test: Results of the passive dosing setup. 
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2.6.3  BCP water solubility and exposure confirmation  
By means of the column elution method (OECD 1995), BCP water solubility was determined 
to be 8.4±0.5 mg L− 1 (mean±SD) (Figure 6D). As there was no pH buffering in this 
experiment, a pH of < 7 in the water is assumed. The determined solubility is about 180 
times higher than expected from EPI Suite™ prediction based upon the log Kow 
(0.047 mg L− 1) and still 5 times higher than expected by a fragments-based prediction 
(1.57 mg L− 1)(EPI Suite, US EPA 2016). However, the measured water solubility was 
supported by the exposure confirmation experiments conducted in parallel to the passive 
dosing ecotoxicity tests in order to confirm the stability of the Cfree values of BCP. With this, 
it was possible to estimate the BCP solubility in the medium under test conditions. Plotting 
the loading of the silicone O-rings expressed in percentage of silicone O-ring saturation 
against the measured freely dissolved BCP concentration leads to approximately linear 
relationships between log-transformed variables in all test media (Figure 6A–C). Thus, 
equilibrium partitioning was shown to be a suitable dosing technique for BCP. Overall, 
mean freely dissolved BCP concentrations (Cfree) ranged between 0.01±0.00 and 
3.26±0.38 mg L− 1 (mean±SD) at 0.2–50% loading in algal medium after 72 h, between 
0.002±0.000 and 1.50±0.42 mg L− 1 (mean±SD) at 0.2–25% loading in Daphnia medium after 
48 h, and between 0.05±0.01 and 5.17±0.10 mg L− 1 (mean±SD) at 0.2–25% loading in FET 
medium after 48 h. Calculation based upon this assumption leads to an estimated BCP 
solubility of 6.52±0.76 mg L− 1 (mean±SD) in algal medium, 6.00±1.68 mg L− 1 (mean±SD) in 
Daphnia medium, and 20.68±0.4 mg L− 1 (mean±SD) in FET medium. 
Comparison of BCP concentrations Ctest (in the presence of test organisms) and freely 
dissolved concentrations Cfree (in the absence of test organisms): Test concentrations Ctest 
were measured in all conducted passive dosing tests at the end of the test. Overall, mean 
BCP concentrations (Ctest) ranged between 0.17±0.00 and 2.79 (n = 1) mg L
− 1 (mean±SD) at 
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0.2–50% loading in algal medium after 72 h, between 0.02±0.00 and 2.13±1.64 mg L− 1 
(mean±SD) at 0.2–25% loading in Daphnia medium after 48 h, and between 0.16±0.11 and 
8.97±1.85 mg L− 1 (mean±SD) at 0.2–25% loading in FET medium after 48 h (Figure 7A–C). 
Whereas the upper concentrations are quite similar, at lower levels Ctest and Cfree are quite 
different. Especially in algae and daphnids tests, Cfree tends to be significantly lower than 
Ctest at the same loading concentration of the silicone O-rings. 
 
Figure 6: Bromochlorophene exposure confirmation and water solubility measurement. A-C) 
Exposure confirmation: Freely dissolved bromochlorophene concentration (Cfree) in algal, Daphnia, and FET 
medium, respectively, at different percentages of silicone O-ring loading. Each data point indicates a single 
measurement; the horizontal bars indicate the mean concentration per loading concentration. For easier 
interpretation both axes have been converted to log-scale. D) Water solubility of BCP: The horizontal bars 
indicate the mean BCP concentration and standard deviation per sampling time. The horizontal lines indicate 
the estimated mean plateau concentration (water solubility) and standard deviation. 
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2.7  Discussion 
2.7.1  Equilibrium passive dosing and ecotoxicity investigations on BCP  
Algal growth inhibition, Daphnia magna immobilization, and fish-embryo toxicity of BCP 
was investigated via passive dosing to test and demonstrate the practicability and 
performance of toxicity tests adapted to passive dosing with a range of aquatic organisms of 
different trophic levels. A major advantage of passive dosing from silicone O-rings in a 
comprehensive series of test systems is the interoperability of preparations steps. As the 
loading procedures are independent from the applied test system, all O-rings may be easily 
prepared in a single loading step and afterwards be distributed to the different test systems, 
supporting the practicability of the method. 
Additionally, algal growth inhibition and Daphnia magna immobilization was determined in 
BCP DMSO co-solvent setups to compare potential effects detected by the different 
methodologies and to evaluate their suitability for testing poorly soluble compounds. 
In general, passive dosing from silicone O-rings and equilibrium partitioning was found to 
be simple and repeatable. The application of the loaded O-rings, including pre-equilibration 
of the medium prior to the test and maintaining the exposure throughout the tests, was 
straightforward. Compared to the DMSO co-solvent setup, the preparation for passive 
dosing was only a little more time consuming, which is negligible compared to the 
advantage of establishing clearly defined exposure concentrations without the use of any 
solvent in the test. 
Effect concentrations (EC50) of 0.08±0.01 mg L
− 1 (95% CI) for algal growth, 0.20±0.07 mg L− 1 
(95% CI) for Daphnia magna immobilization, and 0.21±0.08 mg L− 1 (95% CI) for Danio rerio 
fish embryo mortality support the good sensitivity of the approach at low concentrations 
(Figure 5A–C). However, there are no toxicity data available on BCP so far, thus, 
comparison with results from other groups is not possible. 
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The Daphnia tests showed comparatively high standard deviations between the single tests. 
It remains unclear whether this was due to biological variations, methodical problems, or 
even the behavior of BCP in this test system. Methodical problems, however, are more 
unlikely, as the dosing from O-rings worked out well in algae and FET experiments. 
However, despite the large variations, the mean effect concentrations derived from Daphnia 
passive dosing tests are in line with the BCP DMSO co-solvent tests. It remains to be further 
investigated whether the methodology can be improved in detail to lead to a higher 
precision in this test system. 
Comparing co-solvent spiking and passive dosing, the differences in effect concentrations 
point to the consequences of the conducted methodologies, especially in the algal growth 
test (Figure 5A–C). The established BCP DMSO co-solvent concentrations are initially 
spiked nominal concentrations, which do not take into account the effects of subsequent 
sorption and biotransformation leading to lower effective concentrations as already 
discussed in several studies (Smith et al. 2013a, Mayer and Reichenberg 2006, Kramer et al. 
2010, Booij et al. 2011). Thus, measured effect concentrations of the co-solvent setups which 
are based upon nominal concentrations may be artificially increased. This observation 
might be supported by the fact that deviation of the EC-values between passive dosing and 
co-solvent setups is stronger in the algal tests than in the Daphnia tests. Biological surfaces 
in the algal tests are expected to be much larger than in the Daphnia test, thus, offering 
increased potential for sorption, lowering the spiked BCP concentrations (Kwon et al. 2009). 
Analysis of the effective concentrations in the co-solvent setups might give an idea of 
substance depletion during the tests, but will not be able to distinguish between freely 
dissolved and total (sorbed or accumulated) concentrations (see below). Equilibrium passive 
dosing, however, is able to compensate for test substance losses by constant delivery of the 
test compound and, thus, provides well defined and constant exposure exactly at respective 
concentration (Smith et al. 2013a, Booij et al. 2011, Smith et al. 2010a).  
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2.7.2  BCP water solubility and exposure confirmation  
The measured solubility of BCP was higher than expected compared to log Kow based 
predictions. As BCP is prone to substantial ionization at increasing pH, log Kow based water 
solubility predictions may strongly underestimate the solubility. The pKa of 
bromochlorophene is referred to be 6.2 for the dissociation of one proton and 11.9 for the 
dissociation of both protons (Fogg et al. 1970). The similar structure of dichlorophene shows 
a likewise value (pKa 7.6)(Tomlin 1997). Thus, at environmental pH as in all tested media, at 
least parts of BCP will be dissolved as anionic species with increased water solubility 
compared to the non-charged species. Additionally, discrepancies between log Kow based 
solubility predictions and solubility measurements have been reported for hydrophobic 
organic compounds in literature (Mackay et al. 1980, Shiu and Mackay 1986). Inclusion of 
melting point and molecular weight may additionally lead to different predictions. However, 
even with this increased solubility, BCP can be regarded as a poorly soluble compound. 
The calculated solubility data from the exposure confirmation (Cfree) in different test media 
are in the range of the measured water solubility. Only the FET medium solubility 
(20.68±0.4 mg L− 1; mean±SD) was slightly higher. Whether this is due to possible pH effects 
(see above) or, more likely, caused by the medium composition, remains to be investigated 
further. However, the value is still in the lower mg L− 1 range. 
 
2.7.3  Comparison of total BCP concentrations (Ctest) and freely dissolved BCP concentrations 
(Cfree)  
The advantage of passive dosing over co-solvent spiking in terms of providing constant and 
controllable effective concentrations is just one side of the story. Confirmation of exposure 
concentrations (Cfree) parallel to all ecotoxicity tests is strongly recommended to obtain 
   Chapter 2 
    39 
reliable results and to simplify analytical quantification. Importantly, it can be done without 
significantly greater efforts. The measured freely dissolved fraction of BCP (Cfree) was in 
good agreement with the experimentally determined water solubility of 8.4±0.5 mg L− 1 
(mean±SD). Additionally, it showed a linear relationship with the loading concentrations. 
Thus, exposure confirmation was able to support the principle of equilibrium passive dosing 
in the present study. 
The upper test substance concentrations in the media of the ecotoxicity tests (Ctest) were in 
good agreement with the exposure confirmation (Cfree) conducted parallel to each test 
(Figure 7A–C). At lower loading concentrations, however, the measured Ctest and Cfree 
values were quite different. Especially in algae and daphnids tests, Cfree tends to be 
significantly lower than Ctest at the same loading concentration of the silicone O-rings 
(Figure 7A–C). Even after filtering all particles > 0.7 μm, BCP concentrations (Ctest) are 
higher than measured Cfree when loading the O-rings with < 6.3% (in FET tests lower than 
0.4%). The actual amount of freely dissolved test substance should be equal in both cases, as 
desorption rates are mainly controlled by the silicone O-ring surface and surrounding water 
boundary layers (Rusina et al. 2007, Kwon et al. 2007, Kwon et al. 2009). Thus, equilibrium 
passive dosing ensures similar freely dissolved concentrations in both, ecotoxicity tests and 
exposure confirmation tests, if applied in the same setup (Birch et al. 2010, Schmidt et al. 
2013, Smith et al. 2010b). The higher BCP concentrations may be explained with sorption 
and/or accumulation to micro particles or dissolved organic matter (DOM) provided by the 
test organisms. For example algae excretion, but also grazing zooplankton (daphnids) 
excretion, are presumed to be a major source of autochthonous organic matter and dissolved 
organic carbon (DOC) in aqueous environments (Thurman 2012, Fogg 1977, Eppley 1981). 
Due to high sorption potential of BCP, a joint analysis of the media and these 
particles/substances would have significant influence on the resulting measurements. In 
addition, this hypothesis might be supported by the lower differences in the FET tests. Here, 
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further to the chorion no surfaces are present in the test system. The chorion in turn is 
permeable to only very few excretion or secretion products (Henn 2011). Overestimating 
BCP concentrations by joint analysis of medium and DOM might underestimate toxicity, as 
not all sorbed test substance will necessarily be available for the test organisms. This has to 
be taken into account, when conducting ecotoxicity tests via equilibrium passive dosing, as 
well as in co-solvent setups. 
 
 
Figure 7: Comparison of test analytics and freely dissolved BCP concentration (Cfree). A) in algal 
medium, B) in Daphnia medium, and C) in FET medium. Each data point (black = test analytics; white = Cfree) 
indicates the mean BCP concentration and standard deviation per loading concentration. The black resp. 
dashed line shows the curve fit of a second order polynomial model through all data points of the respective 
data set. 
 
 
2.8  Conclusion 
The application of the passive dosing approach (first objective of this study) worked well in 
terms of establishing adjustable dosing concentrations of BCP below solubility down to the 
lower μg L− 1 range. The use of BCP loaded silicone O-rings clearly facilitated well defined 
toxicity testing with good repeatability, as well as good precision especially in the algal and 
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FET tests. This is in good agreement with similar experiences from other studies (Butler et 
al. 2013, Smith et al. 2013b, Smith et al. 2010b, Smith et al. 2010a, Tcaciuc 2015). 
Additionally, reliable aquatic toxicity data for the test substance BCP in organisms of 
different trophic levels could be provided for the first time (objective 2 of this study). 
However, the comparison between the passive dosing strategy and standard co-solvent 
setup (objective 3 of this study) led to obvious but moderate differences mainly in the algae 
tests. As the analysis of freely dissolved fractions is hard to conduct in the co-solvent setup 
in case of hydrophobic substances, the resulting effects have to be related to nominal or 
total concentrations. This makes the measured effect concentrations vulnerable to be 
artificially increased, not taking into account the effects of sorption and transformation 
effects. This phenomenon and the limitations of standard tests for hydrophobic substances 
are intensively discussed in the literature. As passive dosing is able to compensate for most 
losses, it might be the better alternative for aquatic toxicity testing of hydrophobic 
substances. 
The observations of the present study are in line with recent studies and offer a good 
starting point for further investigations into the assessment of aquatic ecotoxicity of 
hydrophobic compounds covering a wide log Kow range (e.g. 6–10). The resulting toxicity 
data would be an ideal basis for investigating this important group of chemicals. 
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2.10  Appendix Chapter 2: Supplementary material 
The supplementary material shows (A1) the data of the algal growth inhibition tests, 
Daphnia immobilization tests, fish-embryo toxicity tests (including pH measurements), (A2) 
the data of exposure confirmation experiments and water solubility determination, and (A3) 
the external calibration data of the BCP analytics.  
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A1: Experimental ecotoxicity data 
Table 2: Data of algal growth inhibition tests (bromochlorophene; passive dosing) 
algal cell numbers 
time repl. BCP concentration [mg L-1] 
    Contr. 0.007 0.015 0.044 0.039 0.054 0.077 0.115 0.153 0.245 0.512 2.324 3.259 
0 h 
1 6709             4872   5077 5791 5893 5485 
2 5179             5587   5893 4974 5383 5383 
3 4872             4974   4566 4158 4974 5893 
4 5281             4974   5689 4260 5893 4974 
5 6224 4898 6122 5408   6429   6020           
6 6224 5714 5408 4898   5000   5408           
7 5612 6429 5510 5306   5408   5510           
8 6327 5714 5000 5918   5918   6633           
9 6429     5816 6429 5918 7449 6327 7041 6122       
10 6122     6429 5816 5612 6122 5612 6633 6633       
11 5816     6429 5612 5918 6531 6735 5816 6837       
12 5102     7347 5816 7245 6224 5102 6429 6327       
13 4872     4974   5485 5281 4974   5893       
14 4770     5383   4974 4770 5893   4464       
15 5791     5077   5281 4770 5077   5383       
16 5485     4872   5383 5383 5383   4668       
24 h 
1 51454             20536   4719 2883 1556 638 
2 44005             31046   4821 2679 1862 434 
3 38597             37270   4617 2474 1454 1250 
4 37168             17168   4821 2781 1454 434 
5 31173 30459 35663 34745   37092   10051           
6 34745 36888 33316 33010   29949   19235           
7 27908 36582 32398 32908   34031   25663           
8 30867 33929 30969 36990   33724   14541           
9 27959     32755 30918 32347 34184 29592 21735 11837       
10 30714     34796 34184 33061 30714 28163 28469 16224       
11 30000     35306 30918 35306 34796 26939 24388 6224       
12 25918     35000 30102 40408 31633 26531 20918 9796       
13 25051     27908   38929 32296 32806   11582       
14 26173     30051   37602 33827 37704   19337       
15 26276     29541   40357 37908 36378   19847       
16 26888     30255   29847 34745 25663   15969       
48 h 
1 330867             16684   867 459 0 0 
2 309949             25153   0 51 51 0 
3 290765             30867   153 0 0 153 
4 245969             10561   51 255 51 0 
5 212653 200408 288265 210918   79184   816           
6 227755 261633 242143 227449   44490   10000           
7 197653 281225 265204 218571   65918   18571           
8 197959 242857 232959 237347   68163   2857           
9 175791     230995 207423 206607 78750 29158 10689 791       
10 176301     172219 247423 167321 89668 30791 22934 2730       
11 210689     251505 193138 122832 87526 23444 21199 281       
12 176199     226097 119974 149668 53240 34056 10995 179       
13 168444     243342   159362 77321 22015   1709       
14 173648     228750   176913 80281 39668   3444       
15 183138     245179   163750 64464 32730   3036       
16 166301     212321   106097 80791 24464   1913       
72 h 
1 1573087             6862   0 230 332 434 
2 1274719             3189   26 332 230 536 
3 1415332             10740   26 230 0 128 
4 1114311             2474   128 740 0 26 
5 1070357 1080867 1508418 810663   173418   561           
6 1289337 1304031 1285051 1034541   95867   5561           
7 1193623 1374745 1600153 853010   154133   12602           
8 945357 1351888 1179031 744847   137602   867           
9 726454     1082577 1005128 855536 291148 45740 11760 0       
10 877577     1064617 1112475 197066 268699 53189 19209 0       
11 1107270     1235842 1159821 428393 239413 36148 19413 0       
12 955128     1091556 1051658 437577 210638 59209 16046 0       
13 1050918     1039796   208469 181020 34184   816       
14 1275408     1095714   264388 222857 65816   918       
15 1409796     1099796   268571 164694 56224   510       
16 1174796     1026633   303265 206735 28673   306       
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Table 3: Data of algal growth inhibition tests (bromochlorophene; co-solvent) 
algal cell numbers 
time repl. co-solvent multiwell plate co-solvent flask 
  BCP concentration [mg L
-1] 
 
BCP concentration [mg L-1] 
   
Contr. 0.025 0.05 0.25 0.50 1.00 2.00 Contr. 0.025 0.05 0.25 0.50 1.00 2.00 
0 h 
1 8205 7326 7766 7546 8974 6996 8095 8205 7326 7766 7546 8974 6996 8095 
2 7985 6777 7985 6996 7985 8864 7766 7985 6777 7985 6996 7985 8864 7766 
3 7656 7546 8755 6337 8974 8095 7326 7656 7546 8755 6337 8974 8095 7326 
24 h 
1 41520 38114 99982 12729 33828 4267 14487 20513 15568 15678 20842 14469 7766 5568 
2 82399 59103 98004 38223 33828 16355 10861 22051 15568 18425 18315 12601 8205 5238 
3 72729 76795 88443 49872 27454 18004 10201 19304 15897 18095 19853 13590 8095 6117 
48 h 
1 127015 125366 133938 22289 641 311 92 63040 44359 50623 70952 1722 1172 623 
2 122509 121740 131081 23938 641 311 421 58755 45018 56667 59963 2491 1502 403 
3 120641 135256 144487 23388 751 311 311 55897 53590 57436 70183 2161 293 513 
72 h 
1 509363 471560 430901 35187 462 901 22 249927 183553 181245 192454 3333 2015 366 
2 500791 462220 436615 40681 352 132 352 218388 223883 203773 247179 3993 1575 1026 
3 480681 484967 469033 41451 571 571 462 231795 291026 318608 195311 3223 696 916 
 
Table 4: Data of Daphnia immobilization tests (bromochlorophene). 
Daphnia immobilization [%] 
time repl. co-solvent multiwell plate co-solvent flask 
  BCP concentration [mg L
-1] BCP concentration [mg L-1] 
  
contr. 0.058 0.121 0.191 0.305 0.456 0.669 1.503 contr. 0.05 0.20 0.50 1.00 2.00 4.00 
24 h 
1 0 0 0 0     0   0 0 80 100 100 100 100 
2 0 0 0 0     80   0 0 20 80 100 100 100 
3 0 0 0 0     60   0 0 60 100 100 100 100 
4 0 0 0 0     80   0 0 40 100 100 100 100 
5 0   0 40 0 0 40 60 0 0 80 100 100 100 100 
6 0   0 40 0 0 20 20 0 0 80 60 100 100 100 
7 0   0 60 20 0 0 60 0 0 40 100 100 100 100 
8 0   0 20 0 20 40 20 0 0 80 100 100 100 100 
9 0   20 40 40 20 60 100               
10 0   40 20 20 40 20 100               
11 0   0 80 40 20 40 100               
12 0   20 20 20 20 60 100               
13 0   60 0 60 40 100 100               
14 0   20 60 80 80 100 100               
15 0   0 80 40 100 100 100               
16 0   60 20 20 80 80 100               
17 0                             
18 0                             
19 0                             
20 0                             
48 h 
1 0 0 0 0     20   0 0 100 100 100 100 100 
2 0 0 0 0     100   0 0 40 100 100 100 100 
3 0 0 0 0     80   0 0 60 100 100 100 100 
4 0 0 0 0     100   0 0 60 100 100 100 100 
5 0   0 40 0 0 60 80 0 0 100 100 100 100 100 
6 0   0 40 0 20 80 100 0 0 100 100 100 100 100 
7 0   0 80 20 0 0 100 0 0 60 100 100 100 100 
8 0   0 40 0 20 100 100 0 0 100 100 100 100 100 
9 0   20 100 100 100 100 100               
10 0   40 100 80 100 100 100               
11 0   0 100 100 100 100 100               
12 0   20 80 100 100 100 100               
13 0   80 100 100 100 100 100               
14 0   100 100 100 100 100 100               
15 0   80 100 100 100 100 100               
16 0   100 100 100 100 100 100               
17 0                             
18 0                             
19 0                             
20 0                             
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Table 5: Data of fish embryo toxicity tests (bromochlorophene; passive dosing).  
Fish embryo mortality [%] 
time repl. passive dosing 
  BCP concentration [mg L
-1] 
  
contr. 0.050 0.073 0.173 0.456 0.688 1.370 2.648 5.170 
24 h 
1 0       40 40 60 20 100 
2 0       0 20 60 100 100 
3 0       100 40 40 100 100 
4 0       40 20 20 100 100 
5 0       100 40 20 100 100 
6 0       100 40 60 100 100 
7 0 0 0 0 60 40       
8 0 0 0 0 60 60       
9 0 0 0 20 60 40       
10 0 0 0 0 40 20       
11 0 0 0 0 60 20       
12 0 0 0 0 80 40       
13 0                 
14 0                 
15 0                 
16 0                 
48 h 
1 0       80 100 100 100 100 
2 0       60 100 100 100 100 
3 0       100 100 100 100 100 
4 0       100 80 100 100 100 
5 0       100 60 100 100 100 
6 0       100 60 100 100 100 
7 0 0 0 60 80 100       
8 0 0 0 0 100 80       
9 0 0 0 80 100 100       
10 0 0 20 20 100 100       
11 0 0 0 100 80 60       
12 0 0 0 80 100 100       
13 0                 
14 0                 
15 0                 
16 0                 
 
Table 6: pH-measurements of all  bromochlorophene algal growth inhibition, Daphnia 
immobilization, and fish embryo toxicity tests. 
time test-nr. algal test Daphnia test FET test 
  
passive dosing co-solvent plate co-solvent flask passive dosing co-solvent passive dosing 
0 h 
1 7.95 8.00 8.00 7.51 7.56 7.21 
2 7.96 8.06 8.06 7.49 7.62 7.40 
3 7.93 8.03 8.03 7.56 7.49 7.80 
 4 8.05 7.95 7.95 7.51 7.59 7.34 
48 h 
1       7.66 7.62 7.26 
2       7.57 7.84 6.84 
3       7.45 7.80 7.13 
 4       7.68 7.64 6.63 
72 h 
1 8.12 8.11 8.11       
2 8.57 7.97 7.97       
3 8.43 8.20 8.20       
 4 8.49 8.14 8.14       
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A2: Data of exposure confirmation (Cfree and Ctest) and water solubility determination 
Table 7: Data of exposure confirmation experiments (Cfree and test analytics) and water solubility 
determination. 
BCP exposure concentration [mg L-1] 
algal medium (after 72 h) 
time repl. loading concentration [%] 
  
0.2 0.4 0.8 1.0 1.6 2.1 3.1 4.2 6.3 12.5 25.0 50.0 
0 h 
1 0.007   0.050   0.094       0.164 0.501 1.968 3.600 
2 0.008   0.052   0.094       0.175 0.516 2.057 3.737 
3     0.048   0.055       0.193 0.543 2.172 3.802 
4     0.037   0.032       0.260 0.535 2.534 2.855 
5     0.046   0.034       0.247 0.560 2.648 2.912 
6     0.037   0.032       0.255 0.580 2.749 2.809 
7     0.041   0.050       0.296 0.454 2.296 3.186 
8     0.047   0.049       0.289 0.459 2.213 3.244 
9     0.040   0.047       0.322 0.457 2.282 3.185 
1 0.166 0.120 0.113 0.110 0.156 0.109 0.380 0.228 0.332 0.595 1.218 2.790 
2 0.165 0.121 0.101 0.109 0.103 0.147 0.333 0.226 0.400 0.598 1.220 2.788 
3     0.089   0.124   0.189   0.343       
4             0.190           
5                         
6                         
Daphnia medium (after 48 h) 
time repl. loading concentration [%] 
    0.2 0.4 0.8 1.6 3.1 6.3 7.1 10.0 12.5 25.0   
24 h 
1 0.002 0.002   0.012   0.032     0.249 1.700   
2 0.002 0.002   0.014   0.064     0.255 0.613   
3 0.002 0.002   0.013   0.071     0.289 1.261   
4 0.002 0.003   0.008   * 0.000     0.738 1.742   
5 0.002 0.003   0.007   0.022     0.788 1.929     
6 0.002 0.003   0.008   0.125     0.822 1.971     
7 0.003 0.003   0.008   0.159     0.930 1.601     
8 * 0.677 0.003   0.008   0.227     0.945 1.261     
9       0.009   0.250     0.985 1.447     
1 0.022 0.044 0.051 0.095 0.160 0.799 0.434 0.436 1.897 0.815     
2 0.019 0.042 0.053 0.063 0.128 0.503 0.181 0.438 0.564 1.012     
3         0.133 0.380 0.329 0.632 0.484 2.297     
4         0.108 0.519 1.041 1.171 1.457 4.383     
5         0.339 1.004     2.436       
6         0.130               
1 0.050 0.072   0.302   * 0.083 2.992 5.069     
FET medium (after 48 h) 
time repl. loading concentration [%] 
    0.2 0.4 0.8 1.6 3.1 6.3 12.5 25.0     
48 h 
2 0.054 0.059   0.298   0.893 0.508 5.177     
3 0.058 0.067   0.304   1.046 3.024 5.152     
4 0.043 0.080   0.405   1.980 3.021 5.220     
5 0.055 0.059   0.428   2.092 2.994 5.345     
6 0.056 0.075   0.465   2.170 0.544 5.247     
7 0.051 0.087   0.629   1.400 3.454 5.051     
8 0.046 0.090   0.628   1.341 3.699 5.238     
9 0.042 0.072   0.642   1.321 3.600 5.036     
1 0.238 0.236 0.849 0.310 0.711 1.282 2.657 7.667     
2 0.085 0.086 0.123 0.281 0.586 1.052 2.749 10.278     
3     0.486 0.666 0.861           
4       0.188 0.390           
5                     
6                     
BCP water solubility [mg L-1] 
time  replicates 
    1 2 3          
16 h  3.16 3.98 3.45          
18 h  4.49 5.61 5.03          
24 h  5.68 5.69 5.23          
30 h  8.01 8.34 7.77          
36 h  8.40 8.16 9.06          
48 h  7.79 7.49 8.00          
72 h  8.49 8.79 8.28          
             
  * Statistically significant outlier as determined by Hampel outlier test (P < 0.05) 
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A3: Calibration of BCP analytics with external standard  
BCP concentration was quantified by use of an eight-point external standard calibration 
curve ranging from 10 to 2500 µg L-1. The curve was fitted with a second order polynomial 
regression. Each data point indicates the mean±SD BCP concentration (n=3-5). The black 
resp. dashed lines show the curve fit of a second order polynomial regression through all 
data points. 
 
Figure 8: Eight-point external standard calibration curve of bromochlorophene (BCP). BCP 
concentrations (10 to 2500 µg L⁻¹) are plotted against the peak area and fitted with a second order polynomial 
regression. Each data point indicates the mean±SD BCP concentration (n=3-5). 
 
Table 8: Bromochlorophene calibration data (peak area). 
BCP conc. [mg L-1] replicates 
 
1 2 3 4 5 
0.01 1.58E+08 7.70E+07 8.99E+07 1.12E+08 9.54E+07 
0.03 9.16E+07 7.69E+07 7.85E+07 1.29E+08 1.18E+08 
0.05 8.46E+07 8.60E+07 8.20E+07 1.64E+08 1.67E+08 
0.10 1.62E+08 1.68E+08 1.86E+08 2.21E+08 2.28E+08 
0.25 3.38E+08 3.72E+08 3.85E+08 5.87E+08 6.41E+08 
0.50 7.40E+08 7.82E+08 8.35E+08 1.41E+09 1.69E+09 
1.00 2.19E+09 2.17E+09 2.44E+09     
2.50 8.65E+09 8.31E+09 8.70E+09     
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3.1  Introduction 
Highly hydrophobic chemicals with log Kow values above 5 often show a very low aqueous 
solubility, e.g., below 10 µg L-1. Both, log Kow value and aqueous solubility are parameters 
that can give a good impression on whether a chemical has to be categorized as a poorly 
soluble or highly hydrophobic compound. Standardized classifications of water solubility 
are lacking. Whereas the European Pharmacopoeia defines substances as “very slightly 
soluble” below 0.1–1 g L-1 and “practically insoluble” below 0.1 g L-1 (Council of Europe 
2007), a more general definition talks about “poorly soluble” below 0.1 mol L-1 (e.g., in case 
of dodecylbenzene = 24.6 g L-1) (Jander 1995). In publications related to environmental 
chemistry and ecotoxicity, poorly water soluble substances are often characterized by their 
log Kow value exceeding 5 - 6, resulting in water solubility roughly below 10
-5 to 10-6 mol L-1 
(e.g., in case of dodecylbenzene = 0.25 × 10-4 to 2.5 × 10-4 g L-1) (Bowman and Sans 1983, 
Mayer and Reichenberg 2006, Sherblom et al. 1992, Tolls et al. 2002). 
However, the definition of a chemical as poorly water soluble has important implications. 
First, due to their intrinsic properties (high hydrophobicity and strong sorption behavior) 
poorly soluble chemicals may be considered as potentially persistent, bioaccumulative, and 
partially toxic compounds (PBT) or even as very persistent and very bioaccumulative 
substances (vPvB) as defined in REACH, Annex XIII (European Union 2006). Even so, if only 
one parameter, persistent, bioaccumulative, or toxic is veritable, this would demand for 
detailed experimental investigations on their ecotoxicological potential. Secondly, 
estimation of the aqueous solubility is strongly recommended previously to conducting 
aquatic ecotoxicological tests. Introducing test concentrations above the actual solubility 
threshold might lead to a shift of the measured effect concentrations and, thus, to a 
potential underestimation of ecotoxicity effects (Smith et al. 2013, Mayer and Reichenberg 
2006, Tolls et al. 2009, European Union 2003). This is even more important, as analysis of the 
freely dissolved test concentration of poorly soluble chemicals is difficult and often not 
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feasible without special methodologies like solid phase micro extraction (SPME) (Smith et al. 
2010, Bougeard et al. 2011).    
However, both, experimental log Kow value and aqueous solubility measurements are by no 
means straightforward. In this study, two variants of experimental solubility measurements 
in aqueous media, as well as computer based estimations are presented. Another possibility 
of getting a rough estimation of the (hydrophobicity) properties of a chemical is the 
execution of computer based properties estimations based on, e.g., Quantitative Structure-
Activity Relationships (QSAR). For many compounds this might lead to adequate results, 
but also offers uncertainties. In this study both, experimental and estimated hydrophobicity 
factors are compared. 
This Chapter deals with the main test substance of this study, dodecylbenzene. The 
determination of the bromochlorophene water solubility according to OECD Guideline 105 
is described in Chapter 2.  
 
3.2  Material and methods 
Within the present study, several solubility investigations were performed with the test 
substance dodecylbenzene (DDB). First, the water solubility of DDB and the respective 
kinetics were determined by direct addition of the test substance to different media 
(conventional solubility determination). Second, aqueous solubility of DDB in different 
media was determined by the passive dosing limit test. Additionally, chemical properties 
estimation software was used to predict water solubility of the test substance. 
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3.2.1  Conventional solubility determination 
A volume of 250 mL Millipore H2O, Elendt M4 Daphnia medium (OECD 2004), respectively 
algal medium (OECD 2011), was filled in a separatory funnel. Afterwards, 10 µL 
dodecylbenzene were carefully added to the aqueous surface with a Hamilton syringe 
(Hamilton Robotics Europe, Bonaduz, Switzerland). Due to its high hydrophobicity and low 
density, the separated DDB phase remained on the surface throughout the whole test 
duration. With an expected solubility of approximately 10 µg L-1 of DDB in water, the added 
amount of 10 µL DDB was by a factor of 860 higher than the total soluble amount. The 
separatory funnels were afterwards closed with PTFE caps and covered by Parafilm® to 
prevent volatilization. To avoid photodegradation effects during this long term experiments 
all separatory funnels were wrapped with aluminum foil.  
For each sampling time, 3 to 6 replicates were applied. After 24, 48, 72, 96 hours and after 1, 
1½, 2, 2½, and 3½ weeks, three 60 mL samples were gathered from each replicate and 
separated into 200 mL glass bottles, respectively. Extraction and analytics were then 
performed as described below. 
 
3.2.2  Solubility determination by the passive dosing limit test 
The second method for determining the solubility of the DDB was based on the 
methodology of the passive dosing limit test (Chapter 4). The principle of equilibrium 
passive dosing between saturated silicone O-rings and the surrounding medium results in 
the maximum soluble concentration, i.e., the solubility threshold (see Chapter 1).  
The measurement of the DDB solubility in different media was adapted to both, the 
duration and the course of the respective ecotoxicity test, i.e., algal growth inhibition test, 
Daphnia immobilization test, and fish embryo toxicity test (see Chapter 4 and Chapter 5), 
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and carried out simultaneously to these in replicates without organisms. The method of the 
passive dosing limit test is described in detail in Chapter 4 and Chapter 5. For each sampling 
time, 3 to 5 replicates were applied. The analyzed volume per replicate was 10 mL of 
Millipore H2O, 30 mL of Elendt M4 Daphnia medium and FET medium, and 3.75 mL of algal 
medium. Extraction and analytics were then performed as described below.  
 
3.2.3  Extraction and analytics 
Extraction of the aqueous media samples was carried out by addition of exactly the same 
volume of n-hexane, 5 min shaking by hand, and 20 min shaking at 280 rpm on orbital 
shaker (Shaker model 3017, GFL, Burgwedel, Deutschland). Afterwards, 0.6 mL of toluene 
was added to the extracts. This step was followed by rotary evaporation of the extracts at 40 
°C and 120 mbar (Laborota 4011 Digital, Heidolph Instruments, Schwabach, Germany) until 
complete evaporation of n-hexane. The remaining toluene extract was restocked to exactly 1 
mL and placed in GC vials. The evaporation ratio (volume before/after evaporation) was 
noted down. 
All DDB extracts were measured by means of gas chromatography coupled mass 
spectrometry (GC-MS). GC-MS Agilent Technologies 7683 Series with an Optima® 35 MS 
0.25 mm column with a length of 30 m was used. The injection volume was 2 µL in splitless 
mode and the carrier gas was helium. The following temperature program was used: start at 
60 °C for a duration of 2 min - heating by 10 °C min-1 up to 340 °C - final temperature of 340 
°C maintained for 5 min. The resulting total duration of one run was 35 min. The GC-MS 
method was operated in the SIM (selected-ion monitoring) mode resulting in a detection 
limit of 10 µg L-1 in the extract. Before and after each injection the syringe was rinsed twice 
with toluene and ethyl acetate. Between the analyses of two samples, two separate runs 
with pure n-hexane samples were performed.  
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3.2.4  Data treatment 
To identify possible outliers, the Hampel outlier test was performed to assess the mean 
solubility concentrations in all test setups. In order to detect significant differences between 
the different sampling times, data were checked for normal distribution (Kolmogorov-
Smirnov Test) and variance homogeneity (Levene’s Test) and analyzed by Student’s t-test or 
Welch’s t-test (ToxRat 2.10, ToxRat Solutions GmbH, Alsdorf, Germany). Mean solubility 
concentrations were calculated from all significantly equal sampling times for each test. All 
graphs were created with GraphPad Prism (GraphPad Prism 6.01, GraphPad Software, La 
Jolla, CA, USA). 
 
3.2.5  Computer based solubility and hydrophobicity estimation  
Predictions of both, water solubility and hydrophobicity (log Kow), were performed by EPI 
SuiteTM (US EPA 2016) and ACD/I-Lab (ACD/Labs 2016). In case of EPI SuiteTM the WSKOW 
model (based on the log Kow) as well as the WATERNT model (based on structural 
fragments) have been tested. 
 
3.3  Results and discussion 
3.3.1  Conventional solubility determination 
As can be seen in Figure 9, solubility measurements by the conventional direct addition of 
DDB to the different media resulted in reasonable stable concentrations throughout the 14 
to 35 d test duration, respectively. Equilibration was completed very quick within 24 to 48 h 
in all tests. Measured solubility of DDB was 5.6±2.3 µg L-1 in Millipore H2O, 6.4±2.9 µg L
-1 in 
Elendt M4 Daphnia medium, and 24.1±15.4 µg L-1 in algal medium.  
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Single outliers were detected by the Hampel test. Most probably these outliers were due to 
impurities (e.g., DDB micro droplets) during extraction, as the extremely low freely 
dissolved DDB concentrations are highly prone to even tiny amounts of pure test substance.  
 
 
Figure 9: Experimental determination of the aqueous solubility of dodecylbenzene by conventional 
long term tests. A) in Millipore H₂O, B) in Elendt M4 Daphnia medium, and C) in algal medium. Each 
sampling time shows all analyzed replicates and respective mean±SD values. Outliers detected by the Hampel 
outlier test are marked with an asterisk. The dashed lines show the overall mean±SD for each test (excluding 
outliers). 
 
Regarding the comparatively high mean solubility concentration of DDB in algal medium 
throughout most replicates, one can only assume the systematical formation of DDB micro 
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droplets or DDB sorbed to micro particles in the whole test setup. However, the reliability 
of the mean solubility concentration in the algal medium has to be questioned, as the tested 
media compositions do not differ in a range which would justify for the increased 
concentrations. 
 
3.3.2  Solubility determination by the passive dosing limit test 
Figure 10 shows the results of the solubility determination of DDB in different media by the 
passive dosing limit test. Analogue to the ecotoxicity tests (see Chapter 4 and Chapter 5) 
equilibration was carried out for 24 prior to each test, thus, it was already completed at the 0 
h sampling. Measured solubility of DDB was 7.8±3.9 µg L-1 in Millipore H2O, 15.7±2.9 µg L
-1 
in Elendt M4 Daphnia medium, 11.8±5.0 µg L-1 in algal medium, and 12.2±2.8 µg L-1 in FET 
medium. The measured solubility concentrations in Millipore H2O and Elendt M4 Daphnia 
medium were slightly higher than in the conventional method, whereas they were lower in 
case of the algal medium. Taking into account the overall concentrations range of all tests, 
the measured solubility concentration of DDB in algal medium seems to be more reliable 
here. However, all mean solubility concentrations were in the lower µg L-1 range.  
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Figure 10: Experimental determination of the aqueous solubility of dodecylbenzene by passive 
dosing limit tests. A) in Millipore H₂O, B) in Elendt M4 Daphnia medium, C) in algal medium, and D) in FET 
medium. Each sampling time shows all analyzed replicates and respective mean±SD values. Outliers have not 
been detected by the Hampel outlier test. The dashed lines show the overall mean±SD for each test (excluding 
outliers). 
 
3.3.3  Solubility and hydrophobicity estimation 
Table 9 shows both, the experimentally determined aqueous solubility of DDB in different 
media as well as the results obtained from the EPI SuiteTM and ACD/I-Lab predictions. 
Predictions were only possibly for water as the other media are not supported by the 
software. As can be seen, the prediction by both EPI SuiteTM models is comparatively low 
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(1.0 - 1.7 µg L-1) in relation to all experimentally determined water solubility values. 
Contrary, the ACD/I-Lab prediction of 7.8 µg L-1 is in good agreement with the experiments.  
Table 9: Comparison of all experimentally determined aqueous dodecylbenzene solubility values 
and the predicted water solubility values by EPI Suite™ and ACD/I-Lab. Predictions were only possibly 
for water as other media are not supported by the software.   
 Millipore H2O Elendt M4 
Daphnia medium 
Algal medium FET medium 
Conventional 
long term 
solubility 
determination 
5.6±2.3 µg L-1 6.4±2.9 µg L-1 24.1±15.4 µg L-1 n/a 
Passive dosing 
limit test 
7.8±3.9 µg L-1 15.7±2.9 µg L-1 11.8±5.0 µg L-1 12.2±2.8 µg L-1 
EPI SuiteTM 1.0 µg L
-1 (WSKOW) 
1.7 µg L-1 (WATERNT) 
n/a n/a n/a 
ACD/I-Lab 7.8 µg L-1 n/a n/a n/a 
  
 
3.3.4  Implications 
Regarding the DDB solubility in Millipore H2O, the experiments are in good agreement with 
at least the ACD/I-Lab prediction. Contrary, EPI SuiteTM predicts slightly lower values. 
However, even the EPI SuiteTM prediction is only by a factor of 4.6 to 7.8 below the ACD/I-
Lab prediction and even closer to the experimental values. Regarding the difficult handling 
of the compounds and the also difficult analysis in the lower µg L-1-range, the differences 
between the measurements and predictions seem negligible. Overall, two experimental and 
two predicted water solubility values clearly support the reliability of a DDB water 
solubility below 10 µg L-1.  
The differences in the experimental solubility determination between Millipore H2O and the 
other media as well as between the conventional method and the passive dosing limit test 
cannot be finally assessed. A slight change in magnitude might be explainable by the 
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different composition of ingredients in the media (e.g., salts, buffer, etc.) with potentially 
solubility enhancing effects. However, aside from the conventional algal medium 
measurement (24.1±15.4 µg L-1) the experimental solubility values are only slightly above 10 
µg L-1, thus, more or less in range of the other water solubility values. In case of the algal 
medium solubility, the measurements should be confirmed by another methodology. 
Nevertheless, with regard to the thesis’ objective to develop suitable methodologies for 
aquatic ecotoxicity testing of substances in the lower µg L-1-range, dodecylbenzene has 
proved to be an appropriate model substance.  
 
3.4  Appendix Chapter 3: Supplementary material 
The supplementary material shows (A1) the composition of all media used in this study. 
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A1: Media compositions 
Table 10: Composition of all test media (algal medium, Elendt M4 Daphnia medium, FET medium). 
Denoted are ingredient concentrations dissolved in Millipore H₂O. 
Algal medium   
Elendt M4 Daphnia 
medium  FET medium   
         
all nutrients 
  
macro nutrients 
  
Macro nutrients 
  
NH4Cl 15.00 mg L
-1 CaCl2 · 2H2O 294.00 mg L
-1 CaCl2 · 2H2O 294.00 mg L
-1 
MgCl2 · 6H2O 12.00 mg L
-1 MgSO4 · 7H2O 123.25 mg L
-1 MgSO4 · 7H2O 123.25 mg L
-1 
CaCl2 · 2H2O 18.00 mg L
-1 NaHCO3 65.02 mg L
-1 NaHCO3 65.02 mg L
-1 
MgSO4 · 7H2O 15.00 mg L
-1 KCl 5.81 mg L-1 KCl  5.81 mg L-1 
KH2PO4 1.60 mg L
-1 cations      
FeCl3 · 6H2O 64.00 µg L
-1 MnCl2 · 4H2O 360.50 µg L
-1    
Na2EDTA · 2H2O 100.00 µg L
-1 LiCl 306.00 µg L-1    
H3BO3 185.00 µg L
-1 RbCl 71.00 µg L-1    
MnCl2 · 4H2O 415.00 µg L
-1 SrCl2 · 6H2O 152.00 µg L
-1    
ZnCl2 3.00 µg L
-1 CuCl2 · 2H2O 16.75 µg L
-1    
CoCl2 · 6H2O 1.50 µg L
-1 ZnCl2 13.00 µg L
-1    
CuCl2 · 2H2O 0.01 µg L
-1 CoCl2 · 6H2O 10.00 µg L
-1    
Na2MoO4 · 2H2O 7.00 µg L
-1 anions      
NaHCO3 * 50.00 mg L
-1 NaNO3 274.00 µg L
-1    
   H3BO3 2859.50 µg L
-1    
* threefold in closed test systems NaBr 16.00 µg L-1    
   Na2MoO4 · 2H2O 63.00 µg L
-1    
   KI 3.25 µg L
-1    
   
Na2SeO3 3.33 µg L
-1 
   
   
NH4VO3 0.58 µg L
-1 
   
   silicate      
   
Na2SiO3 4.30 µg L
-1 
   
   iron-EDTA      
   
Na2EDTA · 2H2O 2500.00 µg L
-1 
   
   
FeSO4 · 7H2O 995.50 µg L
-1 
   
   phosphate      
   
KH2PO4 143.00 µg L
-1 
   
   
K2HPO4 184.00 µg L
-1 
   
   vitamins      
   
Thiamin-
hydrochlorid 
75.00 µg L-1 
   
   
Cyanobalamin 1.00 µg L-1 
   
   
Biotin 0.75 µg L-1 
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4.1  Abstract 
The aims of the present study were (1) to develop a passive dosing approach for aquatic 
toxicity testing of liquid substances with very high Kow values and (2) to apply this 
approach to the model substance dodecylbenzene (DDB, Log Kow = 8.65). The first step was 
to design a new passive dosing format for testing DDB exactly at its saturation limit. 
Silicone O-rings were saturated by direct immersion in pure liquid DDB, which resulted in 
swelling of >14%. These saturated O-rings were used to establish and maintain DDB 
exposure exactly at the saturation limit throughout 72-h algal growth inhibition tests with 
green algae Raphidocelis subcapitata. Growth rate inhibition at DDB solubility was 13±5% 
(95% CI) in a first and 8±3% (95% CI) in a repeated test, which demonstrated that improved 
exposure control can lead to good precision and repeatability of toxicity tests. This 
moderate toxicity at chemical activity of unity was higher than expected relative to a 
reported hydrophobicity cut-off in toxicity, but lower than expected relative to a reported 
chemical activity range for baseline toxicity. The present study introduces a new effective 
approach for toxicity testing of an important group of challenging chemicals, while 
providing a basis for investigating toxicity cut-off theories.  
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4.2  Graphical abstract 
 
Figure 11: Graphical abstract of Chapter 4 illustrating the method of silicone swelling, passive 
dosing, and the application of it in the algal growth inhibition test. 
 
4.3  Keywords 
highly hydrophobic liquids – saturation limit – silicone swelling – passive dosing – algal 
growth inhibition – hydrophobicity cut-off  
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4.4  Introduction 
Highly hydrophobic chemicals are used in a broad range of applications. Currently, more 
than 850 chemicals with a log Kow ≥ 5.5 are registered in the European Chemicals Agency 
(ECHA) database within the European REACH regulation (ECHA 2015, OECD 2015). 
Reliable assessments of their environmental fate, exposure, and effects are urgently needed. 
However, the experimental determination of, e.g., their biodegradability, bioaccumulation, 
and toxicity is associated with scientific, conceptual, and technical challenges; particularly 
when it comes to aquatic testing of highly hydrophobic organic chemicals. The present 
study addresses several of these challenges and provides new concepts and methods related 
to the aquatic toxicity testing of highly hydrophobic chemicals that are liquids at ambient 
temperature, amounting to more than 300 chemicals currently registered in the ECHA 
database (ECHA 2015, OECD 2015). 
Effective concentrations (e.g., EC50) for baseline toxicity, also referred to as non-polar and 
polar narcosis, generally decrease with increasing log Kow due to increasing partitioning 
from water into the lipid membranes of the test organism. This was already shown in the 
classical fish toxicity study by Könemann (Könemann 1981) and forms the basis for a wide 
range of quantitative structure activity relationships (QSARs) (Wong et al. 1984, Veith et al. 
1983, Qin et al. 2010, Fu et al. 2015, Aruoja et al. 2014, Hsieh et al. 2006). While such 
relationships are well established within the moderate log Kow range of 2-5, the situation is 
less clear for highly hydrophobic chemicals with log Kow values above 5 and very low 
aqueous solubility, e.g., below 10 µg L-1. Can such highly hydrophobic chemicals cause toxic 
effects on aquatic organisms at very low concentrations or are they largely non-toxic even 
at their aqueous solubility limit? When addressing this question, it is important to 
distinguish between solid and liquid chemicals for two reasons: (1) For solids, the absence of 
toxicity at the solubility limit can be due to the so called melting point cut-off in toxicity, 
when chemicals crystallize at concentrations below the levels required for toxicity (Mayer 
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and Reichenberg 2006, Mayer and Holmstrup 2008). The maximum chemical activity of 
these chemicals is then below the chemical activity required for baseline toxicity, which is 
typically in the range of 0.01-0.1 (Mayer and Holmstrup 2008, Reichenberg and Mayer 2006, 
Schmidt and Mayer 2015). From a physicochemical point of view, the situation is 
fundamentally different for liquids. Their maximum chemical activity is by definition 1, 
when using the pure liquid state as reference (Reichenberg and Mayer 2006) and they are 
thus by default expected to have the potential for exerting baseline toxicity at their 
respective solubility limit. (2) The absence of toxicity for a solid chemical does not imply 
that it is not contributing to mixture toxicity, since solid non-toxic chemicals may still form 
toxic mixtures (Smith et al. 2013b, Sugatt et al. 1984), The physicochemical basis for this is 
that aqueous solubilities of solid hydrophobic organics generally are additive in a mixture 
(Banerjee 1984), which leads to higher exposure in a mixture. Such solubility additivity is 
not expected for liquid chemicals (Banerjee 1984), which means that the extrapolation of 
non-toxicity data from single substance testing to complex mixtures is more straightforward 
for liquid than for solid chemicals. 
Recently, new passive dosing formats were developed for the toxicity testing of solid 
hydrophobic chemicals in various test systems, which then were applied to gain a better 
understanding of toxicity, toxicity cut-offs, and also mixture toxicity (Mayer and Holmstrup 
2008, Smith et al. 2010a, Smith et al. 2013b, Butler et al. 2013). The scientific aim of the 
present study is to make progress in testing and understanding the toxicity of hydrophobic 
liquid substances. The null hypothesis is that a highly hydrophobic liquid substance can 
exert aquatic toxicity when tested at the saturation limit and thus the maximum exposure 
level (i.e., at chemical activity of unity). The technical aim of the study is to develop and 
apply a practical dosing method for aquatic toxicity testing of liquid hydrophobic chemicals 
exactly at the saturation limit, while at the same time avoiding the presence of free liquid 
substance (undissolved) and co-solvent in the test, which both can lead to effects that are 
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not directly related to the toxicity of the chemical. Although it can be questioned whether 
the solubility limit of highly hydrophobic substances actually will be reached in the 
environment, the importance of suitable ecotoxicological methods is strongly supported by 
two facts. First, the general possibility of assessing the environmental impact of highly 
hydrophobic compounds is essential, therefore suitable methods are strongly needed. 
Second, for substances with very low aqueous solubility it is of particular interest to know 
whether the substance can exert toxicity at exposures up to the saturation level, while 
avoiding physical effects of the pure form (e.g., film formed at surfaces, droplets, and 
emulsions) on the test organism. Here, we introduce a new passive dosing approach, where 
a silicone polymer is loaded to saturation by directly immersing it in the liquid test 
substance. The saturated silicone polymer is then used to control exposure exactly at the 
saturation limit by equilibrium partitioning in an aquatic toxicity test. Silicone O-rings were 
used as passive dosing format, since they have proven versatile for passive dosing of 
hydrophobic organic chemicals in environmental and toxicological testing and research 
(Smith et al. 2010b, Bougeard et al. 2011, Smith et al. 2012, Smith et al. 2013a, Gilbert et al. 
2014, Vergauwen et al. 2015). Additionally, we also tried to saturate test medium by 
partitioning from silicone microtubes that were filled with the liquid test substance. 
However, this did not work as well and is thus only briefly described. 
The algal growth inhibition test was selected for the present study because it (1) is required 
for the Environmental Hazard and Risk Assessment of chemicals (European Union 2006), (2) 
provides information about acute and chronic toxicity within a short test duration, and (3) is 
particularly prone to test substance losses by evaporation and/or binding and therefore 
especially appropriate for the application of passive dosing. Losses can further be minimized 
by conducting the test in a closed (headspace) system (Brack and Rottler 1994, Halling-
Sorensen et al. 1996, Chen et al. 2009, Mayer et al. 2000, Tsai and Chen 2007). Additionally, 
unicellular green algae have much higher surface to volume ratios when compared to for 
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instance Daphnia and fish, which leads to much faster bioconcentration kinetics and allows 
steady state or equilibrium concentrations to be reached in the test organism within a 
shorter time span (Sijm et al. 1998). The fast equilibration is further promoted by the rapid 
mixing, which is essential to keep algae in suspension. The liquid hydrophobic substance 
dodecylbenzene (DDB) was selected as the model compound. It has an experimentally 
determined log Kow of 8.65 (Sherblom et al. 1992), and only few aquatic toxicity data were 
found in the literature for this substance (Gledhill et al. 1991). DDB is among others used in 
cooling lubricants for machining processes in the metalworking industry (Baumann and 
Herberg-Liedtke 1995) and as a precursor substance of anionic surfactants like sodium 
dodecylbenzene sulfonate, which are widely used in cleaning agents, laundry detergents, 
and personal care products (Kosswig 2000). 
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4.5  Materials and Methods 
4.5.1  Chemicals and materials  
Analytical grade dodecylbenzene was used as model compound (DDB; CAS 123-01-3; 
>98.0%; liquid at standard conditions; TCI Europe N.V., Belgium, product code D1074). Food-
grade silicone O-rings and medical-grade silicone tubes were used as partitioning donors in 
the initial passive dosing experiments and the subsequent algal growth inhibition tests. The 
O-rings had a cross section (CS) of 2.40 mm, outer diameter (OD) of 14.40 mm, and mass of 
223.6±1.1 mg (n=13), while the tubes had a length of 17 cm, CS of 2.00 mm, bore of 1.00 mm, 
and mass of 452.9±5.0 mg (n=10) (Altec Products Ltd, United Kingdom, product code ORS-
0096-24 for O-rings and 01-93-1407 for tubes). To determine mass and size dependent 
swelling kinetics, three additional sizes of O-rings made of the same polymer material were 
used: (i) Altec: ORS-BS131, CS of 2.62 mm, OD of 47.76 mm, and mass of 991 mg, (ii) Altec: 
ORS-BS316, CS of 5.33 mm, OD of 32.25 mm, and mass of 2460 mg, and (iii) Altec: ORS-
BS309, CS of 5.33 mm, OD of 21.13 mm, and mass of 1453 mg (Altec Products Ltd, United 
Kingdom). All tests were conducted in 20-mL crimp-seal glass vials equipped with PTFE-
lined septa and aluminum crimp closures (ApodanNordic A/S, Denmark). To avoid sorption, 
only (almost) inert materials (e.g., glass, stainless steel, and PTFE) were used in contact with 
test media. The solvents ethanol, methanol, n-hexane, and acetone (all HPLC grade) were 
purchased from VWR (VWR International GmbH, Darmstadt, Germany). Milli-Q® water 
(LaboStarTM 1-DI ultra-pure water system, SG Water, Germany) and lint-free tissues (Karl 
Hecht GmbH, Sondheim/Rhön, Germany) were used for rinsing and drying, respectively. 
Isotone (water) was used for coulter counting (Coulter isoton II diluent, Beckman Coulter 
GmbH, Monheim, Germany). 
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4.5.2  Loading polymer by immersion in pure substance  
Before use, glassware was rinsed twice with ethanol, acetone, and Milli-Q® water, 
respectively. Silicone O-rings and silicone tubes were carefully pre-cleaned before loading in 
order to remove potential impurities. First, silicone materials were soaked for two hours in 
excess methanol, then the cleaning step was repeated overnight in a fresh portion of excess 
methanol. Next, the silicone materials were soaked in ethanol for two hours, and finally 
rinsed in Milli-Q® water. O-rings and tubes were left to dry for at least 7 d at room 
temperature (20±1°C). 
Silicone O-rings and silicone tubes were loaded with the pure, liquid DDB at room 
temperature. In closed glass containers, O-rings were immersed in excess DDB for 24 h in 
the dark, which resulted in measurable swelling of the polymer, i.e., “loading by swelling”. 
Using a pipette, 17-cm silicone tubes were filled with 120 µL (103.2 mg) DDB and left in 
closed glass vials with both ends attached to the closure cap to prevent leakage. After 24 h, 
tubes were restocked with 60 µL (51.6 mg) DDB and left for another 24 h in closed glass 
vials. The loaded tubes were then closed by knotting each end, and both the loaded O-rings 
and the loaded tubes were carefully rinsed twice with Milli-Q® water and dried with lint-
free tissues (Smith et al. 2010b). Likewise, pre-cleaned, unloaded silicone O-rings and 
silicone were rinsed twice with Milli-Q® water and dried with lint-free tissues and used as 
controls in the algal tests (denoted “controls”). Negligible swelling of the silicone materials 
in Milli-Q® water is shown in Figure 14. 
Loading kinetics (i.e., “swelling kinetics”) of DDB in the silicone O-rings and the silicone 
tubes was determined gravimetrically. To determine mass and size dependent swelling 
kinetics, four sizes of O-rings (see above) were included in the test. For each size, 30 pre-
cleaned O-rings were weighed separately. Also, 27 pre-cleaned tubes (about 2.3 cm in 
length) were weighed separately. All O-rings and tubes were immersed in pure DDB in 
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closed glass vials at room temperature in the dark, and triplicate O-rings and tubes were 
then removed at predetermined time points and carefully dried twice with lint-free tissue 
before re-weighing. Loading by swelling was then expressed as percentage increase in 
weight. Weighing was performed with an accuracy of 1 mg (SCALTEC SBA 31, SCALTEC 
Instruments). 
 
4.5.3  Passive dosing kinetics  
Release of DDB into test medium (i.e., passive dosing kinetics) was determined in a separate 
48-h experiment, where DDB loaded silicone O-rings were used as donors and DDB 
concentrations were monitored over 12 sampling times, ranging from 0.5 h to 48 h. The O-
rings were added to test vials with 4 mL standard algal medium (OECD 2011). The algal 
medium was spiked with 20% methanol in order to increase DDB concentrations in the 
solution and thus facilitate analytical measurements. Methanol as co-solvent will increase 
the mass transfer of DDB from silicone to medium but the concurrent increase in solubility 
is expected to counterbalance, resulting in no net change in the time scale of the kinetics 
(Smedes et al. 2009). The vials were closed tight and kept at experimental conditions (300 
rpm, 20±0.5°C). To avoid photodecomposition, the test was performed in the dark. At each 
sampling time, triplicate 1-mL medium samples were taken from the tightly closed glass 
vials, and the vials were discarded. The medium was evaporated for 24 h at 70°C and the 
DDB re-dissolved in 1 mL pure methanol before GC-MS analysis (as described below).  
 
4.5.4  Algal growth inhibition test conducted exactly at the saturation limit  
Standard algal medium (Chapter 3; Table 10) was used for culturing and growth inhibition 
testing of the green alga Raphidocelis subcapitata (formerly known as Selenastrum 
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capricornutum), and the algal growth inhibition test was based on OECD Guideline 201 
(OECD 2011). Deviating from this guideline, algal medium was enriched with 150 mg L-1 
NaHCO3 to buffer pH changes in the closed test system (Mayer et al. 2000). 3 d before test 
start, pre-cultures were started from a stock culture at an initial cell density of 1.7×104 cells 
mL-1. 
The test medium was pre-equilibrated for 48 h in order to ensure DDB equilibrium between 
silicone and test medium when starting the algal growth inhibition test: Silicone materials 
(i.e., saturated O-rings, loaded tubes, and controls) were inserted in test vials, and 4 mL algal 
medium (as described above; OECD 2011) was added to each vial. Likewise, 4 mL medium 
was added to empty glass vials (denoted “global controls”), which were used to check the 
validity of the test system. The vials were closed tight and kept at experimental conditions 
during the pre-equilibration (300 rpm, 20±0.5°C). To avoid photodecomposition, pre-
equilibration was performed in the dark. 
At test start, pre-equilibrated vials were opened and algae were added to reach a cell density 
of 104 cells mL-1 (measured by means of coulter counting; Coulter® Particle Counter Z1). 
After re-closing the vials, 175 µL CO2 was added to each vial (using a syringe) in order to 
ensure sufficient supply of CO2 during the closed test (Halling-Sorensen et al. 1996). Vials 
were kept under continuous bottom-up illumination at 300 rpm and 20±0.5°C (fully 
randomized). Light intensity was measured at the position of the vials and was 129±2 µmol 
m-2 s-1 photosynthetically active range (PAR) photons for the positions of the global controls 
and silicone tubes, and 138±2 µmol m-2 s-1 PAR photons for all vials with silicone O-rings. 
Light shading by the silicone O-rings was calculated to be 28.8% (controls) and 30.7% 
(treatments, loaded), whereas light shading by the (transparent) silicone tubes was found 
negligible. Each test consisted of 6 treatments, 6 controls (with unloaded polymer material), 
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and 10 global controls. pH was measured in 3 global controls and 3 treatments at test start 
and again after 72 or 96 h (after end sampling). 
Algal growth was determined by in vitro fluorescence measurements after 24, 48, 72, and 96 
h (Mayer et al. 1997). A 400-µL sample was taken with a syringe, mixed with 1600 µL 
acetone, vortexed, and kept dark for at least 24 h before measurement. Fluorescence was 
measured at room temperature on a Hitachi fluorescence spectrophotometer F-7000 with an 
excitation wavelength of 430±5 nm and an emission wavelength of 671±5 nm. Triplicate 
fluorescence measurements were conducted for each sample, and fluorescence data were 
corrected for background fluorescence as measured in acetone:algal medium mixture (4:1 
v/v). Controls were measured in the same way in order to verify exponential growth. 
Growth rates of 1.4 d-1 and 0.92 d-1 are proposed as minimum values by the DIN and OECD 
Guideline, respectively (OECD 2011, DIN 2012), and a minimum growth rate of 1.4 d-1 in 
controls was used as a validity criterion in the present study. The pH drift and the 
temperature data were within the range of international and national guidelines (pH: 
control 7.8–8.0, treatment 7.8–8.0; temp: 20–20.5 °C, measured in 5-min intervals)(OECD 
2011, DIN 2012). 
Nine loaded O-rings and six loaded microtubes were used to confirm negligible depletion of 
DDB from the polymers during algal growth inhibition tests. Three O-rings and three 
microtubes were stored at -18°C without further treatment, while 3 O-rings and 3 
microtubes were applied in algae tests for 96 h (300 rpm, 20±0.5°C). Additionally, 3 O-rings 
were equilibrated in test medium without algae under experimental conditions. All O-rings 
and microtubes were then individually extracted twice in 5 mL methanol for 24 h, and the 
combined extracts measured by HPLC as described below (Smith et al. 2010b). Finally, DDB 
recovery in applied polymers was determined relative to DDB extracted from the polymers 
stored without further treatment. The results of this experiment are shown in Figure 15. 
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4.5.5  Exposure confirmation  
To confirm equilibrium passive dosing and exposure at saturation, Cfree was measured in an 
experiment similar to the algal growth inhibition test with the exception that no algae were 
present. Hence, 20 loaded O-rings were added to separate vials, algal medium was added, 
and DDB was pre-equilibrated for 48 h at 300 rpm in the dark. After 0, 24, 48, 72, and 96 h of 
the experiment, media in four vials were analyzed: 2×1.5 mL algal medium was carefully 
transferred to two separate GC-vials. After extraction (twice with 1.5 mL n-hexane) the 
volume was reduced by means of rotary evaporation (Laborota 4011 Digital, Heidolph 
Instruments, Schwabach, Germany). The extracts were then restocked to 0.5 mL with n-
hexane and thoroughly shaken before GC-MS analysis. 
 
4.5.6  HPLC analysis  
In order to confirm negligible depletion of DDB from the silicone materials during the 
toxicity tests, HPLC (Agilent 1260 Infinity) with diode array detection (G1315C DAD) and 
fluorescence detection (G1321B FLD) was used. DAD was operated at 260 nm, while FLD 
was operated with an excitation wavelength of 246 nm and an emission wavelength of 295 
nm. A sample volume of 10 or 100 µL was injected on an Eclipse PAH 1.8 µm, 4.6x50 mm 
column (Agilent Technologies, Palo Alto, CA, USA). The mobile phase consisted of 100% 
acetonitrile and was operated at a flow rate of 0.8 mL min-1. Since only negligible depletion 
was confirmed with these HPLC measurements, i.e., only relative concentrations were 
compared, no external calibration curve was needed. Signal integration was performed by 
Chemstation software (B.03.01, Agilent Technologies, Palo Alto, CA, USA). 
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4.5.7  GC-MS analysis  
GC-MS (Agilent GC 6890N) was used to quantify DDB. Measurements were conducted in 
SIM mode at 92 and 246 m/z. A sample volume of 2 µL was injected in splitless mode on an 
Optima® 35 MS 0.25 mm, 30 m column (Agilent Technologies, Palo Alto, CA, USA). The 
carrier gas was helium, and separation was performed with a flow rate of 0.8 mL min-1. The 
following temperature program was used: 60°C between 0 and 2 min, then increasing at 
10°C min-1 up to 340°C, which was finally kept constant for 5 min. In this way, the total 
duration of each analysis was 35 min. DDB concentrations in the samples were quantified 
using a 13-point external standard calibration curve fitted with a second order polynomial 
regression. Signal integration was performed by Chemstation software (B.03.01, Agilent 
Technologies, Palo Alto, CA, USA). 
 
4.5.8  Data treatment  
The specific growth rate (µ, d-1) was calculated from the algal biomass measured as in vitro 
fluorescence (N, unitless) by the following equation:  
µ =
ln(𝑁𝑡) −ln (𝑁0)
𝑡
 
 
where Nt and N0 are the algal biomasses at sampling time (t, d) and the start of the 
experiment, respectively. 
The toxic response was calculated as growth inhibition (I), i.e., the relative reduction of 
treatment growth rates compared to control growth rates (with unloaded polymer material):  
𝐼 = 1 −
µ 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
µ 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 
   Chapter 4 
    81 
To identify possible outliers, the Hampel outlier test was performed on the growth rates for 
the samples taken 24, 48, 72, and 96 h after test start (P < 0.05). Outliers were only detected 
after 24 h in algal test 1 (one outlier) and algal test 2 (two outliers). In order to detect 
significant differences in algal growth rates between treatments and controls and between 
controls and global controls, data were checked for normal distribution (Kolmogorov-
Smirnov Test) and variance homogeneity (Levene’s Test) and analyzed by Student’s t-test or 
Welch’s t-test (ToxRat 2.10, ToxRat Solutions GmbH, Alsdorf, Germany). Statistically 
significant differences between the algal growth rates are shown in Figure 13B and Figure 
13C (marked by *). Statistical significance was assigned at the 95% confidence level 
(i.e., P < 0.05) Regression curves from kinetics experiments were fitted with a one-
compartment model (one phase association, GraphPad Prism 6.01, GraphPad Software, La 
Jolla, CA, USA). 
 
4.6  Results and Discussion 
4.6.1  Loading polymer by immersion in pure substance  
While several approaches have been reported for saturating the passive dosing polymer 
with a solid hydrophobic chemical (Mayer and Holmstrup 2008, Smith et al. 2010b, Kwon 
and Kwon 2012), the present study introduces a novel approach for saturating the polymer 
with a liquid hydrophobic chemical: the polymer is simply immersed directly into an excess 
volume of the pure liquid substance and the test substance is then loaded by swelling of the 
polymer. The amount of DDB taken up by the silicone was very high and the kinetics of the 
loading process could thus easily be followed gravimetrically. To determine the relationship 
between swelling kinetics and mass and size of the silicone O-rings, different types with 
varying cross section and total weight were tested (Figure 12A). Whereas the total mass did 
not influence the swelling kinetics, increasing cross section led to slower swelling of the O-
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rings. However, the loading process for all O-rings and the silicone tubes was completed 
within hours (Figure 12A), with a t95% of 4.4 h for the O-rings (ORS-0096-24) that were used 
in the final experiments. The silicone O-rings took up 14.5±0.2% (n=48) DDB relative to their 
start weight, whereas the tubes took up 25.2% (n=12) DDB. The lower concentrations of 
DDB in the O-rings compared to silicone tubes are consistent with a recent study that 
reported the O-rings to contain diatomaceous earth as filler for improving the physical 
strength of the O-rings (Gilbert et al. 2016). The loading process and the final DDB 
concentrations in the polymer were found to be highly reproducible with standard 
deviations between replicates of less than 0.22%, which confirms the excellent partitioning 
properties of silicone that are widely exploited within analytical laboratories (Seethapathy 
and Gorecki 2012). After saturation, the O-rings (ORS-0096-24) each contained 32 mg of 
DDB, which represents an amount that can saturate approximately 3000 L pure water when 
assuming an aqueous solubility of 10 µg L-1. This implies an enormous buffer capacity for 
re-supplying DDB to the 4 mL of algal suspension during the test. A comparison of silicone 
swelling by DDB with silicone swelling by different solvents is shown in Figure 16. 
 
4.6.2  Passive dosing kinetics  
Based on our previous experiences with passive dosing of polycyclic aromatic hydrocarbons 
and other hydrophobic organic chemicals (Smith et al. 2010a, Schmidt et al. 2013), we 
expected the passive dosing kinetics for one O-ring in 4 mL of medium to be sufficient for 
equilibrating the algal medium within one day under agitated conditions (Smith et al. 
2010a). The passive dosing kinetics was experimentally determined for a mixture of algal 
medium and methanol (80:20, v:v) since this provided higher DDB concentrations that 
facilitated measurements with improved precision (Figure 12B). Equilibrium was here 
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reached in about 11 h (t95% = 10.8 h), a time span in accordance with previously reported 
data of highly hydrophobic substances (Smith et al. 2010b).  
 
Figure 12: Determination of loading kinetics, dosing kinetics, and exposure concentration of 
dodecylbenzene by passive dosing at the saturation limit. A) Loading kinetics: Silicone O-rings and 
microtubes were immersed in dodecylbenzene (DDB), the mass increase was monitored over time (mean±SD, 
n = 3), and a one-compartment model was fitted to the data. The straight dashed lines show the plateau of 
percentage swelling in O-rings and microtubes. Cross section and outer diameter of the respective O-rings are 
given in parentheses. B) Passive dosing kinetics: Saturated O-rings were placed in 4 mL of medium/methanol 
(80%/20%) and DDB concentrations in the solution was then measured (mean±SD, n = 3). The regression curve 
shows the fit of the one-compartment model used for determining the rate constant (k) and the t₉₅ value (the 
time needed to reach 95% of saturation). C) Exposure: DBB concentration in algal medium were measured by 
GC-MS and plotted against time (mean±SD, n = 4). The dotted lines show the total mean from 0 h to 96 h 
(plateau concentration) plus standard deviation. 
 
A second experiment was conducted in order to confirm the stability of the DDB 
concentrations provided by passive dosing after 48 h of equilibration and, at the same time, 
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to determine the DDB solubility in the medium under test conditions (exposure 
confirmation). An overall mean DDB concentration of 12±5 µg L-1 was measured between 0 
and 96 h (Figure 12C). Based on the equilibrium partitioning theory, this value can be 
regarded as the maximum solubility of DDB in the algal medium at 20°C. As equilibrium 
was reached within 11 h (Figure 12B), the kinetics was not established in this experiment. 
Additionally, another approach of saturating the test medium by partitioning from DDB 
filled silicone microtubes was examined. However, during the pre-testing, optimization, and 
application to algal testing, the combination of orbital shaking and DDB filled silicone 
microtubes resulted repeatedly in turbid solutions, which indicated the formation of 
emulsions. Unfortunately, we did not succeed in conducting well defined passive dosing 
from DDB filled silicone tubes, and this work is thus only briefly covered. 
 
4.6.3  Algal growth inhibition test conducted exactly at the saturation limit  
An algal growth inhibition test of DDB with the new passive dosing approach was 
conducted (1) for testing and demonstrating the practicality and performance of the new 
dosing approach in a relevant aquatic toxicity test and (2) for obtaining high quality toxicity 
data of DDB in tests that were conducted exactly at the saturation level and thus maximum 
exposure (i.e., at chemical activity of unity).  
The loading by swelling was found to be very simple and practical, and required markedly 
less time compared to loading by equilibrium partitioning (Mayer and Holmstrup 2008) or 
“pushing” the compound into the polymer by addition of water (Birch et al. 2010). The 
application of the loaded rings for the pre-equilibration of the medium prior to the test and 
for maintaining the exposure throughout the test was straightforward and found to be fully 
compatible with the growth requirements of the algae. In general, growth in O-ring controls 
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was slightly higher than in the global controls without O-rings (Figure 13A). However, this 
was not statistically significant except in algal test 2 after 48 h. All controls showed 
exponential growth during the first 72 h with growth rates well above the required 1.4 d-1, 
and growth then declined as expected between 72 and 96 h (Figure 13A). Consequently, 
growth rates and growth inhibition were only determined for the initial 72 h of the study. 
For the treatment vials, saturated silicone O-rings were applied for establishing and 
maintaining exposure exactly at the saturation level, which for algal medium at the test 
conditions means freely dissolved DDB concentrations of 12±5 µg L-1 (Figure 12C). 
Inhibition of growth rates was 13±5% (95% CI) within 72 h of the first test (Figure 13B and 
Figure 13C, upper panel). This inhibition was statistically significantly different from 0% (48 
h and 72 h), and all validity criteria of the test were met. As a confirmation of this toxicity 
result, the algal growth inhibition test was repeated. The second test again met all validity 
criteria. Growth rate inhibition at DDB solubility was this time 8±3% (95% CI) and again 
found to be statistically significantly different from 0% (48 h and 72 h, Figure 13B and Figure 
13C, lower panel). The observed inhibition cannot be explained by light shading, since (1) 
the controls contained O-rings as well, (2) the effect of silicone swelling on the light shading 
was less than 2%, and (3) the test was operated in the high light intensity region were 
growth rates do not increase linearly with light intensity (Mayer et al. 1998). 
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Figure 13: Two fully replicated algal growth inhibition tests of dodecylbenzene exactly at the 
saturation limit. Each row shows one test. A) Algal growth in both tests was followed based on in vitro 
fluorescence (mean±SD, n = 6/10). B) Growth rates of the silicone O-ring treatments in comparison to the 
controls after 24, 48, and 72 h (mean±SD, n = 6). The dashed lines show the growth rate of 1.4 d⁻¹ as the 
validity criterion proposed by DIN guideline (DIN 2012). C) Algal growth inhibition of DDB at saturation after 
24, 48, and 72 h in the two tests (mean±95% CI, n = 6). Asterisks define statistically significant difference from 
the respective control. 
 
From a technical point of view, the observation is that the new passive dosing approach 
with the DDB saturated O-rings facilitated well defined toxicity testing with very good 
precision and reproducibility (Figure 13), which is in good agreement with similar 
experiences from other tests such as the Ames 2 test (Smith et al. 2013a). The dosing with 
the DDB filled silicone tubes did not work as well. Observed inhibition here was 38±14% 
(95% CI) after 24 h, 63±18% (95% CI) after 48 h, and 49±14% (95% CI) after 72 h (Figure 17). 
However, in all treatments a clearly visible turbidity was observed that indicated the 
formation of an emulsion and called into question these toxicity results. The technical 
difficulty of testing liquid hydrophobic substances also becomes evident when the presented 
results are compared to other reported aquatic toxicity data. There are few aquatic toxicity 
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data available on different mixtures of linear alkylbenzenes including dodecylbenzene 
(Gledhill et al. 1991). For the algal species used in the present study as well as for fish, 
crustaceans, and insects, toxicity was observed at exposures well above the solubility limit 
(41 µg L-1)(Gledhill et al. 1991) during a 24-96 h test duration. Effects at or below solubility 
were only found on daphnids (Gledhill et al. 1991). All aquatic toxicity data on DDB or 
mixtures of linear alkylbenzenes found in the literature were based on tests in which the 
test medium was spiked with carrier solvents and which did not include continuous 
maintenance of test substance concentrations (Gledhill et al. 1991). Passive dosing from a 
saturated silicone can solve the problems of test substance losses and provide well defined 
and constant exposure exactly at the saturation level.  
From a physicochemical point of view, this study demonstrates that some substances that 
are difficult to handle in one medium can be handled much more easily in another. DDB is 
poorly soluble in water and prone to sorption and evaporation when dissolved in water. 
However, the same substance was very well dissolved in and handled within the silicone 
polymer. The combination of saturating the silicone O-ring with DDB and then providing 
sufficient surface area and turbulence for an efficient mass transfer between polymer and 
aqueous media was again shown to be a simple, practical approach that performs well for 
controlling exposure in aqueous media exactly at the saturation level.  
The DDB concentrations in the silicone O-rings were very high (>14 wt%). While this is a 
clear advantage with regard to providing a very large buffer capacity for passive dosing, it 
also has one disadvantage. Most partitioning based techniques, including passive sampling 
and passive dosing, are generally operated in the “Henry’s law regime”, where phase 
partitioning is concentration independent and can thus be described with one polymer to 
medium partition coefficient. For passive dosing, this has the very important implication of 
proportionality between polymer concentration and test concentration. For test substance 
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concentrations in the polymer in the 20% range, as observed for DDB in silicone, we are 
entering the “Raoult’s law regime”, which means that we cannot simply assume this 
proportionality. Extension of the present passive dosing approach to lower concentrations is 
still possible, but will require more analytical work in order to properly establish the non-
linear relationship between concentrations in polymer and medium. Based on the 
gravimetrically measured swelling of the O-rings and an aqueous solubility of 12 µg L−1, the 
O-ring to water distribution coefficient for DDB at saturation was estimated to be 1.2 × 107 
L kg−1. The silicone tubes to water partition coefficient of DDB was in the same way 
estimated to be 2.1 × 107 L kg−1. 
From a regulatory point of view, algal growth inhibition data are used for assessing acute 
and also chronic toxicity of chemicals. EC50 values are generally used for assessing acute 
toxicity, whereas EC10 values are used for assessing chronic toxicity. Within a regulatory 
framework, the observed inhibition of 8% and 13% at saturation thus suggests that DDB has 
no or hardly any acute toxicity but moderate chronic toxicity towards algae at the 
maximum exposure level.  
Scientifically, the observations of the present study are an excellent starting point for 
further studies into activity-toxicity relationships and toxicity cut-off phenomena. The 
observed moderate toxicity of DDB at chemical activity of unity was higher than expected 
relative to the reported toxicity cut-off at log Kow 5-6 (Könemann 1981), but lower than 
expected relative to the reported chemical activity range for baseline toxicity of 0.01-0.1 
(Mayer and Reichenberg 2006, Mackay et al. 2009).  
The developed passive dosing methodology seems highly suited for extending this research 
to “limit testing at saturation” of many other liquid hydrophobic chemicals (i.e., at chemical 
activity of unity). Such a toxicity test regime requires less replicate vials compared to dose-
response testing, meaning that a large number of chemicals can be tested within reasonable 
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means. The test chemicals should be carefully chosen to cover a wide log Kow range (e.g., 5-
10), while at the same time including many different molecule types. Ultimately, the 
resulting toxicity data set would then be the ideal basis for investigating, setting, and 
challenging toxicity cut-offs. 
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4.8  Appendix Chapter 4: Supplementary material 
This supplementary material contains of the 6 pages. Page 91 shows the swelling kinetics of 
silicone O-rings and silicone microtubes in water (Figure 14). Page 92 shows the 
confirmation of negligible depletion of the test compound from silicone O-rings during the 
algal growth test (Figure 15). Page 93 shows the silicone swelling potential of different 
solvents in comparison to dodecylbenzene (Figure 16). Page 94 shows the results of the algal 
growth inhibition test using silicone microtubes (Figure 17). Page 95 gives data of loading 
kinetics, passive dosing kinetics, and exposure confirmation experiments, and page 96 gives 
the measured growth rates of each replicate of each algal growth inhibition test. 
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A1: Swelling kinetics of silicone O-rings and silicone microtubes in water 
 
Figure 14: Swelling of the silicone O-rings and the silicone microtubes by water. Each point represents 
the weight increase of one O-ring (upper panel) or one microtube (lower panel) caused by uptake of water 
(wt%). Additionally, the mean±SD weight increase from triplicate O-rings and triplicate microtubes 
measurements is given for each sampling time. The filled and dashed lines show the overall mean plateau of 
swelling (%, mean±SD) in both O-rings and microtubes. 
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A2: Confirming negligible depletion 
 
Figure 15: Confirmation of negligible depletion of dodecylbenzene (DDB) from the polymers during 
algal growth inhibition tests. Three O-rings and three microtubes were extracted and measured by HPLC 
without further treatment, while three O-rings and three microtubes were applied in algae tests for 96 h before 
extraction and HPLC analysis. Additionally, three O-rings were equilibrated in test medium without algae for 
96 h (under experimental conditions) before extraction and HPLC analysis. DDB recovery from treated 
polymers was determined relative to the DDB extracted from untreated O-rings and microtubes. The O-rings 
showed a recovery of 100.1±0.9% (mean±SD, n=3, bar to the left in the Figure) after application in the 96-h 
algae tests and 100.5±0.8% (mean±SD, n=3, middle bar in the Figure) after 96 h equilibration in test medium 
without algae. The high DDB recoveries from the O-rings support that depletion was negligible, and the 
silicone O-rings formed a sufficient reservoir for the test substance DDB. Microtubes showed a slightly lower 
DDB recovery of 98.7±1.5% (mean±SD, n=3, bar to the right in the Figure) after application in the 96-h algae 
tests.  
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A3: Silicone swelling potential of different solvents 
 
Figure 16: Experimentally determined swelling of silicone O-rings by different solvents and 
dodecylbenzene. Toluene, n-hexane, ethanol, methanol, water, dodecylbenzene (DDB), and a DDB:methanol 
solution (at maximum solubility, i.e., 29.08 g L⁻¹) were measured gravimetrically after 72 h (wt%). Each bar 
represents the mean±SD (n=3).  
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A4: Algal growth inhibition test with silicone microtubes 
 
Figure 17: Results from the algal growth inhibition test of dodecylbenzene with dosing from 
silicone microtubes. A) Algal growth followed based on in vitro fluorescence (mean±SD, n = 6). B) Algal 
growth rates in the silicone microtube treatments in comparison to the controls after 24, 48, and 72 h 
(mean±SD, n = 6). The dashed line shows the growth rate of 1.4 d⁻¹ as the validity criterion proposed by DIN 
guideline (DIN 2012). C) Algal growth inhibition of DDB compared to the controls after 24, 48, and 72 h 
(mean±95% CI, n = 6). Asterisks define statistically significant difference from the respective control (P < 0.05). 
However, during algal testing the combination of orbital shaking and DDB filled silicone microtubes resulted 
repeatedly in turbid solutions, which indicated the formation of emulsions, i.e., the observed effects may not 
only be due to freely dissolved DDB.  
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A5: Data of loading kinetics, passive dosing kinetics, and exposure 
Table 11: Data of loading kinetics, passive dosing kinetics, and exposure confirmation experiments. 
loading kinetics 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
    silicone O-rings (product code) 
 time   ORS-0096-24 ORS-BS316 ORS-BS131 ORS-BS309 silicone tubes 
 silicone tubes 
  
  silicone weight increase [%] 
 
 n=3 
0.5 h   
            
19.62 18.43 20.59 
1 h   7.87 7.94 7.90 3.99 4.06 4.03 7.86 7.57 7.91 3.90 4.39 4.33 
   2.25 h   
            
25.16 25.74 25.11 
3 h   11.53 11.45 11.16 6.54 6.52 6.74 11.65 11.54 11.75 6.77 6.96 6.46 
   6 h   13.46 13.56 13.47 9.02 9.00 9.11 13.49 13.69 13.58 8.67 8.71 8.87 
   24 h   13.84 14.40 14.82 13.56 13.81 13.78 14.51 14.47 14.83 14.11 13.33 13.43 25.55 25.45 25.34 
48 h   14.70 14.74 14.57 14.96 14.78 14.60 15.06 14.30 14.64 14.43 15.99 15.36 25.37 24.75 24.37 
72 h   14.74 14.64 14.00 14.98 14.96 15.23 15.08 15.03 15.25 15.65 15.86 14.73 25.08 25.21 25.54 
96 h   14.51 14.56 14.56 15.33 15.18 15.27 15.05 15.06 15.31 14.76 14.76 15.05 
   
                 passive dosing kinetics 
  
  
  
  
  
  
  
  
  
  
  
  
  
    dodecylbenzene concentration in medium [% of saturation] 
  
  
  
  
  
  
n=3 
0.28 h   14.56 13.94 19.40 
         
      
0.55 h   16.38 16.96 23.94 
         
      
0.80 h   17.90 24.51 17.31 
         
      
1.03 h   48.34 30.10 20.13 
         
      
1.55 h 
 
34.04 25.68 21.87 
            2.63 h   69.57 50.78 57.90 
         
      
3.07 h 
 
51.21 52.53 48.02 
            3.93 h   65.74 51.75 51.97 
         
      
6.05 h 
 
n.d. 97.95 93.28 
            19.05 h   98.66 96.32 96.99 
         
      
23.68 h 
 
96.40 103.48 96.77 
            48.00 h   94.82 98.18 112.49 
         
      
                 exposure 
  
  
  
  
  
  
  
  
  
  
  
  
    dodecylbenzene concentration in medium [µg L-1] 
  
  
  
  
  
  
  
n=4 
0 h   8.75 2.95 4.52 9.05 
           24 h   12.82 9.46 12.75 7.34 
 
                    
48 h   4.75 6.41 4.02 10.60 
           72 h   14.68 *30.51 18.34 14.49 
 
                    
96 h   14.24 13.39 17.66 18.64 
 
                    
                 
  
* Statistically significant outlier as determined by Hampel outlier test (P < 0.05) 
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A6: Data of algal growth inhibition tests 
Table 12: Data of algal growth inhibition tests. 
algal growth rates [d-1] 
  
  
  
  
  
  
  
  
    algal growth inhibition test 1   algal growth inhibition test 2 
    24 h 48 h 72 h 96 h   24 h 48 h 72 h 96 h 
global controls                     
global control 1   1.982 1.436 *1.140 n.d.   1.517 1.579 1.657 n.d. 
global control 2   1.176 1.685 1.707 n.d.   1.554 1.710 1.732 n.d. 
global control 3   1.691 1.661 1.709 n.d.   1.714 1.684 1.670 n.d. 
global control 4   1.275 1.660 1.676 1.425   1.676 1.611 1.619 1.313 
global control 5   1.713 1.716 1.680 1.413   1.647 1.643 1.644 1.386 
global control 6   1.951 1.671 1.694 1.455   *1.003 *0.888 *0.739 *0.841 
global control 7   1.609 1.677 1.699 1.463   1.628 1.611 1.688 1.318 
global control 8   1.910 1.616 1.603 1.384   1.472 1.774 1.653 1.359 
global control 9   1.874 1.566 1.606 1.346   1.295 1.721 1.629 1.324 
global control 10   1.774 1.657 1.660 1.351   1.651 1.675 1.682 1.388 
           silicone O-rings                     
control 1   1.764 1.786 1.758 1.405   1.724 1.846 1.781 1.376 
control 2   1.700 1.800 1.769 1.418   1.680 1.890 1.742 1.383 
control 3   2.025 1.728 1.765 1.441   1.700 1.736 1.730 1.347 
control 4   1.749 1.682 1.742 1.430   1.611 1.777 1.709 1.373 
control 5 
 
1.880 1.720 1.766 1.418 
 
1.615 1.824 1.735 1.356 
control 6   1.512 1.808 1.709 1.420   1.666 1.789 1.740 1.345 
treatment 1 
 
1.563 1.430 1.402 n.d. 
 
1.669 1.614 1.611 n.d. 
treatment 2   1.654 1.470 1.438 n.d.   1.562 1.565 1.490 n.d. 
treatment 3 
 
1.575 1.705 1.638 n.d. 
 
1.455 1.567 1.632 n.d. 
treatment 4   1.881 1.516 1.548 1.219   1.588 1.680 1.598 1.203 
treatment 5 
 
1.248 1.397 1.441 1.168 
 
1.866 1.707 1.675 1.289 
treatment 6   1.567 1.617 1.672 1.317   1.585 1.504 1.592 1.291 
           silicone tubes                     
control 1 
 
1.540 1.647 1.588 1.365 
 
1.529 1.737 1.545 1.205 
control 2   1.499 1.508 1.615 1.392   1.517 1.620 1.513 1.161 
control 3 
 
1.547 1.720 1.662 1.386 
 
1.283 1.575 1.557 1.238 
control 4   1.748 1.629 1.634 1.370   1.852 1.678 1.574 1.244 
control 5 
 
1.584 1.647 1.636 1.409 
 
1.516 1.687 1.625 1.248 
control 6   1.723 1.510 1.624 1.364   1.472 1.657 1.610 1.281 
treatment 1   1.559 1.456 1.495 n.d.   0.602 0.277 0.722 n.d. 
treatment 2 
 
1.352 1.461 1.295 n.d. 
 
0.968 0.235 0.532 n.d. 
treatment 3   1.383 1.302 0.969 n.d.   0.938 0.548 0.703 n.d. 
treatment 4   1.425 1.524 1.448 1.175   *3.568 0.815 1.027 0.966 
treatment 5 
 
1.113 *0.841 0.894 0.720 
 
0.919 0.593 0.589 0.674 
treatment 6   1.298 1.469 1.199 0.828   1.309 1.216 1.210 1.028 
           
  
* Statistically significant outlier as determined by Hampel outlier test (P < 0.05) 
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5.1  Abstract 
The aim of the present study was to further develop the passive dosing approach for aquatic 
toxicity testing of highly hydrophobic liquids exactly at saturation by applying it to 
ecotoxicity tests with organism of different trophic levels. Silicone O-rings were saturated 
by direct immersion (loading by swelling) in the pure liquid model substance 
dodecylbenzene (DDB, log Kow=8.65) until complete saturation of >14 wt%, pre-equilibrated 
in the respective media and deployed in prolonged acute Daphnia immobilization and fish 
embryo toxicity tests. In parallel, exposure concentrations at saturation were measured 
throughout the tests duration. All tests were carried out in closed test systems to prevent 
volatilization. In case of the Daphnia test, the setup was optimized regarding the influencing 
direct contact of the organisms to the dosing polymer. Therefore, a silicone O-ring 
enclosure cage was developed and applied. Whereas Danio rerio fish embryos did not show 
any toxic response within 96 h, Daphnia magna immobilization was comparatively high at 
19.3% (mean of 6 tests) within 72 h in the optimized test system. The results demonstrated 
that optimized tests systems with improved exposure control can lead to unexpectedly high 
toxic response compared to reported hydrophobicity cut-offs in toxicity. The new passive 
dosing approach has shown good repeatability, although the standard deviations were 
comparatively high. However, it provides a good basis for further investigating the 
extensively discussed toxicity cut-off theories. 
 
  
   Chapter 5 
    103 
5.2  Graphical abstract 
 
Figure 18: Graphical Abstract of Chapter 5 illustrating the experimental setups of the 
dodecylbenzene studies on Daphnia and fish embryos. 
 
5.3  Keywords 
Dodecylbenzene – highly hydrophobic – passive dosing – saturation limit – Daphnia magna 
– Danio rerio 
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5.4  Introduction 
The aquatic toxicity testing of highly hydrophobic chemicals that are liquids at ambient 
temperature is associated with scientific and technical challenges. Substances of this group 
are used in a broad range of applications, ranging from heavy industry to consumer 
products like cosmetics (personal care products). From the currently more than 850 highly 
hydrophobic chemicals that are registered in the European Chemicals Agency (ECHA) 
database within the European REACH regulation (log Kow ≥ 5.5)(ECHA 2015, OECD 2015), 
more than 300 are liquids. However, experimental investigations on the biodegradability, 
bioaccumulation, and toxicity are by no means straightforward, particularly when it comes 
to aquatic testing. Due to their intrinsic properties, highly hydrophobic chemicals undergo 
extensive sorption to surfaces and may be prone to volatilization. Thus, establishing 
constant exposure concentrations throughout the test duration is difficult. Even so the 
discussion on certain new testing methodologies is ongoing, there is still urgent need for a 
reliable assessment of their environmental fate, exposure, and effects. 
Effective concentrations (e.g., EC50 values) for baseline toxicity (also referred to as narcosis), 
generally decrease with increasing log Kow due to increasing partitioning from water into 
the lipid membranes of the test organisms (Könemann 1981, Wong et al. 1984, Fu et al. 2015, 
Aruoja et al. 2014, Hsieh et al. 2006). This relationship is reliably reproducible for chemicals 
with moderate log Kow values of up to 5. Above this threshold, i.e., for highly hydrophobic 
compounds, the situation is less clear and widely discussed in the literature (Könemann 
1981, Mayer and Reichenberg 2006, Jonker and van der Heijden 2007, Mayer and Holmstrup 
2008, Kwon et al. 2016). The minimum chemical activity required for baseline toxicity is 
typically in the range of 0.01-0.1 (Mayer and Holmstrup 2008, Reichenberg and Mayer 2006). 
For liquids, the general absence of toxicity even at their aqueous solubility limit is unlikely 
as the chemical activity of liquids is by definition 1 when using the pure liquid state as 
reference (Reichenberg and Mayer 2006). Thus, liquid substances are by default expected to 
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have the potential for baseline toxicity at the solubility limit (Chapter 1). The appearance of 
a hydrophobicity cut-off in toxicity is discussed to be an artificial result of insufficient long 
test durations to reach steady state (Mayer and Reichenberg 2006, Veith et al. 1983, Hawker 
and Connell 1985, Kwon et al. 2016), and/or insufficient delivery of the test compound due 
to inappropriate methodologies (Smith et al. 2010a, Smith et al. 2010b), and/or insufficient 
chemical activity due to melting point toxicity cut-offs (Kwon et al. 2016, Mayer and 
Reichenberg 2006). 
Recently, several publications discussed the utilization of new passive dosing formats to 
gain a better understanding of toxicity and toxicity cut-offs of highly hydrophobic 
chemicals (Mayer and Holmstrup 2008, Smith et al. 2010a, Smith et al. 2013b, Butler et al. 
2013). Succeeding, we have developed a practical passive dosing methodology for aquatic 
toxicity testing of liquid hydrophobic chemicals exactly at the saturation limit based upon 
the silicone swelling potential, while at the same time avoiding the presence of free liquid 
substance (undissolved) and co-solvent in the test (Chapter 4). Silicone O-rings were used 
(Smith et al. 2010b, Bougeard et al. 2011, Smith et al. 2012, Smith et al. 2013a, Gilbert et al. 
2014, Vergauwen et al. 2015) and loaded to saturation by directly immersing it in the liquid 
test substance. The saturated O-rings were then used to control exposure exactly at the 
saturation limit by equilibrium partitioning. The method has been successfully adapted to 
the algal growth inhibition test resulting in an observed moderate toxicity of the model 
compound dodecylbenzene (DDB) between 8±3% and 13±5% (95% CI) inhibiton (Chapter 4). 
This effect was higher than expected relative to the reported toxicity cut-off at log Kow 5-6 
(Könemann 1981), but lower than expected relative to the reported chemical activity range 
for baseline toxicity of 0.01-0.1 (Mayer and Reichenberg 2006, Mackay et al. 2009). 
Technically and scientifically the developed passive dosing methodology seemed highly 
suited for extending the research on “limit testing at saturation” of many other liquid 
hydrophobic chemicals (i.e., at chemical activity of unity; Chapter 4). 
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The aim of the present study is to apply the methodology of aquatic toxicity testing at the 
saturation limit (by silicone swelling) to standard tests with species of different trophic 
levels and to make progress in understanding the toxicity of hydrophobic liquid substances. 
As in the algae growth inhibition tests inhibitory effects were observed (Chapter 4), the 
hypothesis of this study is that a highly hydrophobic liquid model substance 
(dodecylbenzene) can exert aquatic toxicity to organism of higher trophic levels when tested 
at the maximum exposure level (i.e., the saturation limit, thus, at chemical activity of unity).  
In first instance passive dosing at the saturation limit by silicone swelling was adapted to 
the algal growth inhibition test (Chapter 4). In the current study the Daphnia magna acute 
immobilization test (Daphnia test; OECD 2004) and the Danio rerio fish embryo acute 
toxicity test (FET test; OECD 2013) were selected. Both tests provide information about the 
acute toxicity of a test substance within comparably short test durations. Whereas in algal 
growth inhibition tests (Chapter 4) a comparatively high disturbance (shaking) was applied 
throughout the whole test, a static system is scheduled for both, Daphnia and FET testing. 
This led to unexpected problems at least in the Daphnia test. Here the animals freely 
migrate through the test medium, and thus, get in direct contact with the silicone O-ring 
and partially adhere to it. The present study has investigated this effect in detail and 
developed an O-ring enclosure system (O-ring cage) allowing for undisturbed equilibrium 
passive dosing and complete separation of the test organisms from the dosing polymer. As 
in our previous study (Chapter 4), the liquid hydrophobic substance dodecylbenzene (DDB) 
was selected as model compound. With an experimentally determined log Kow of 8.65 
(Sherblom et al. 1992), and only few available aquatic toxicity data it provides a good basis 
for further investigations. 
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5.5  Materials and Methods 
5.5.1  Chemicals and materials  
Analytical grade dodecylbenzene was used as model compound (DDB; CAS 123-01-3; 
>98.0%; liquid at standard conditions; TCI Europe N.V., Belgium, product code D1074). Food-
grade silicone O-rings were used as partitioning donors in the initial passive dosing 
experiments, the Daphnia tests and the FET tests. The O-rings used for the Daphnia tests 
had a cross section (CS) of 5.33 mm, an outer diameter (OD) of 21.13 mm, and a mass of 
1452.5±20.1 mg (mean±SD; n=20), while the O-rings used for the FET tests had a cross 
section of 2.62 mm, an outer diameter of 47.76 mm, and a mass of 991.1±7.1 mg (mean±SD; 
n=10) (Altec Products Ltd, United Kingdom, product code ORS-BS309 resp. ORS-BS131). The 
O-ring cages were made from stainless steel, likewise the top grid and the closure ring 
(Figure 20B). The top grid has a mesh size of 200 µm. Both, Daphnia tests and FET tests, 
were conducted in 100 mL glass bottles equipped with PTFE-lined screw caps (Schott AG, 
Mainz, Germany). To avoid sorption, only (almost) inert materials (e.g., glass, stainless steel, 
and PTFE) were used in contact with test media and organisms. The solvents methanol, n-
hexane, toluene, and acetone (all HPLC grade) were purchased from VWR (VWR 
International GmbH, Darmstadt, Germany). Water (GPR RECTAPUR, VWR International 
GmbH, Darmstadt, Germany) and lint-free tissues (Karl Hecht GmbH, Sondheim/Rhön, 
Germany) were used for rinsing and drying.  
 
5.5.2  Loading the silicone O-rings (loading by swelling) 
All glassware was rinsed twice with methanol, ethanol, and water before use, respectively. 
Silicone O-rings were carefully pre-cleaned before loading: for two hours in excess methanol, 
overnight in a fresh portion of excess methanol, and two hours in ethanol. Finally, O-rings 
were rinsed in water and left to dry for at least 7 d at room temperature (20.0±0.5 °C).  
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Silicone O-rings were loaded by immersion in the excess pure liquid test substance (DDB) at 
room temperature for 24 h in the dark. The loaded O-rings were afterwards carefully rinsed 
twice with water and dried with lint-free tissues (Smith et al. 2010b). For the controls, pre-
cleaned unloaded O-rings were rinsed twice with water and dried lint-free tissues. Loading 
resulted in measurable swelling of the polymer (loading by swelling; Chapter 4). 
 
5.5.3  Equilibrium passive dosing  
To confirm equilibrium passive dosing and exposure at saturation, Cfree was measured in 
experiments similar to both, Daphnia tests and FET tests, but with no organisms present. 
Therefore, 15 loaded O-rings of each type (i.e., product code ORS-BS309 and ORS-BS131) 
were added to separate test vessels with the respective test medium. Prior to each test 
equilibration was conducted for 48 h at 300 rpm (shaker: GFL 3017, Burgwedel, Germany) in 
the dark. At each sampling time (24, 48, 72, and 96 h) 30 mL samples were taken from each 
replicate (n=3). To exemplary confirm the exposure saturation with the O-ring cages 
(Daphnia cage tests), 9 loaded O-rings were enclosed into the cages after equilibration and 
sampled after 24, 48, and 96 h. All samples were extracted and analyzed by GC-MS analysis 
as described below. 
 
5.5.4  Daphnia acute immobilization and FET test  
Standard media (Elendt M4 resp. reconstituted water; see Chapter 3, Table 10) were used 
according to OECD guidelines for culturing and testing of both, Daphnia magna and Danio 
rerio embryos (OECD 2004, OECD 2013). Also, both tests were based on these guidelines, 
except for a prolonged Daphnia test duration of 96 h.  
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The test media were equilibrated for 48 h prior to each test in order to ensure DDB 
equilibrium between silicone O-rings and test medium: loaded silicone O-rings and 
unloaded O-rings (denoted “controls”) were inserted into the respective test vessels and 50 
mL Daphnia medium resp. 50 mL FET test medium was added to each vessel. Controls 
without any passive dosing polymer were prepared similarly (denoted “global controls”). All 
test vessels were closed tight and kept at experimental conditions during the equilibration, 
i.e., 300 rpm and 20±0.5°C for the Daphnia tests and 300 rpm and 26±1°C for the FET tests. 
To avoid photodecomposition, equilibration was performed in the dark.  
At test start, the equilibrated test vessels were opened and the test organisms were added, 
i.e., five neonate daphnids (max. 24 h after hatching) respectively five fish eggs (max. 3 h 
after laying) were added per replicate. When using the O-ring cage in Daphnia tests, all O-
rings, including controls, were enclosed into the cages after equilibration and before 
inserting the daphnids. All test vessels were then kept fully randomized at respective 
experimental conditions for 72h (Daphnia tests) resp. 96 h (FET tests, Daphnia cage tests). 
Daphnia tests were conducted under a light-dark regime of 16:8 h, FET tests under complete 
darkness except for sampling. Daphnia tests, Daphnia cage tests, as well as FET tests 
consisted of 5 treatments, 5 controls, and 5 global controls, respectively. In total, three 
Daphnia tests, six Daphnia cage tests, and two FET tests have been conducted. The pH was 
measured in 3 global controls and 3 treatments at test start and again after 96 h, 
respectively.  
Daphnia immobilization and fish embryo lethality were determined according to the OECD 
guidelines (OECD 2004, OECD 2013). In the FET tests both, lethal and sublethal effects were 
examined at each sampling time under the microscope (Nikon Eclipse TS100 with Digital 
Sight). Each egg was considered individually. Lethal effects were: egg coagulation, no tail 
detachment, no somite formation, no heartbeat (only after 48 h). Sublethal effects after 24 h 
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were: incomplete epiboly, growth retardation, no spontaneous movement; sublethal effects 
after 48 h were: no eye development, weak heartbeat, weak blood circulation, no/weak 
pigmentation, oedema, malformations, modified structure of the corda, growth retardation. 
The pH drift and the temperature data were within range of the guidelines in all tests 
(Daphnia: pH control 7.10–7.95, pH treatment 6.72–7.88, temp: 20.0–20.5°C; fish embryo: pH 
control 6.63–7.26, pH treatment 6.84–8.01, temp: 25.5–26.5°C)(OECD 2004, OECD 2013). 
 
5.5.5  Extraction and GC-MS analysis  
Extraction of the medium samples was carried out by addition of 15 mL n-hexane, followed 
by 5 min shaking by hand, and 20 min shaking at 280 rpm on a shaker. After repeating this 
step once, both extracts (n-hexane phase) were joined and 0.6 mL toluene was added. By 
means of rotary evaporation at 40 °C and 120 mbar (Laborota 4011 Digital, Heidolph 
Instruments, Schwabach, Germany), n-hexane was completely evaporated (Laborota 4011 
Digital, Heidolph Instruments, Schwabach, Germany). The remaining toluene extract was 
restocked to exactly 1 mL and placed in GC vials. 
GC-MS (Agilent GC 6890N) was used to quantify DDB. Measurements were conducted in 
SIM mode at 92 and 246 m/z. A sample volume of 2 µL was injected in splitless mode on an 
Optima® 35 MS 0.25 mm, 30 m column (Agilent Technologies, Palo Alto, CA, USA). The 
carrier gas was helium and was operated at a flow rate of 0.8 mL min-1. The following 
temperature program was used: 60°C between 0 and 2 min, then constant heating of 10°C 
min-1 up to 340°C, which was finally kept constant for 5 min. DDB concentrations in the 
samples were quantified using a 13-point external standard calibration curve fitted with a 
second order polynomial regression. Signal integration was performed by Chemstation 
software (B.03.01, Agilent Technologies, Palo Alto, CA, USA). 
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5.5.6  Data treatment  
To identify possible outliers, the Hampel outlier test was performed on the exposure 
confirmation data for the samples taken 24, 48, 72, and 96 h after test start. In order to detect 
significant differences in Daphnia immobilization between treatments and controls, data of 
all sampling times were checked for normal distribution (Kolmogorov-Smirnov Test) and 
variance homogeneity (Levene’s Test), and analyzed by Student’s t-test or Welch’s t-test 
depending on the statistical characteristics (ToxRat 2.10, ToxRat Solutions GmbH, Alsdorf, 
Germany). Additionally, to detect significant differences between Daphnia tests and 
Daphnia cage tests, first, each test system was checked separately for significant differences 
between the replicates (one-way ANOVA with a post-hoc Tukey’s range test). Second, in 
case of no significant effects within the two test systems, data of each system were pooled 
and both test systems compared by Student’s t-test (GraphPad Prism 6.01, GraphPad 
Software, La Jolla, CA, USA). All graphs were designed with GraphPad Prism (GraphPad 
Prism 6.01, GraphPad Software, La Jolla, CA, USA). 
 
5.6  Results and Discussion 
5.6.1  Loading the silicone O-rings (loading by swelling)  
Several approaches have been reported about saturating the passive dosing polymer with a 
solid hydrophobic chemical (Mayer and Holmstrup 2008, Smith et al. 2010b, Kwon and 
Kwon 2012). Recently, an approach for saturating the polymer with a pure liquid 
hydrophobic chemical utilizing the swelling capacity of the polymer (loading by swelling) 
has been published (Chapter 4). The swelling kinetics of different types of silicone O-rings, 
including the O-rings used in this study, have been tested with the model substance 
dodecylbenzene. Although the kinetics were slightly different for different types of O-rings, 
complete saturation was reached within several hours for all types (max. t95%=16.5 h) with a 
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DDB uptake of 14.5±0.2 wt% (n=48). The loading process was found to be both, highly 
reproducible and, due to a very large buffer capacity, suitable for re-supplying DDB to the 
media (Chapter 4).  
 
5.6.2  Equilibrium passive dosing  
The fast delivery of DDB to the medium, i.e., equilibration, has already been shown in our 
previous study (Chapter 4). Here, equilibrium was reached within 11 h (t95%=10.8 h), a time 
span in accordance with previously reported data of highly hydrophobic substances (Smith 
et al. 2010b). As a precaution, in the present study an equilibration time of 48 h prior to all 
experiments has been applied. Additionally, the stability of the DDB concentrations 
delivered by passive dosing to the medium was confirmed by separate experiments over the 
time span of the actual ecotoxicity tests (exposure confirmation).  
In the Daphnia medium an overall mean DDB concentration of 16±3 µg L-1 was measured 
between 0 and 96 h (Figure 19A), whereas it was 12±3 µg L-1 (mean±SD) in the FET medium 
between 0 and 96 h (mean±SD)(Figure 19C). Besides, DDB concentrations were additionally 
measured in Daphnia medium with the cage present. Here, the mean DDB concentration 
was 17.5±3 µg L-1 (mean±SD) between 24 and 96 h (Figure 19B). In all cases, the values were 
stable throughout the whole test duration. This demonstrates that the concentration of 
difficult substances that are prone to sorption and evaporation can be maintained constant 
in aqueous media by the combination of saturating the silicone O-ring and providing 
efficient mass transfer between the polymer and the liquid phase (sufficient surface area and 
turbulence). Thus, the applied format seems perfectly suitable for establishing aquatic 
exposure concentrations exactly at the saturation level. 
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Figure 19: Dodecylbenzene concentrations after equilibration in different test media over time. A) in 
Elendt M4 Daphnia medium, B) in Elendt M4 Daphnia medium with silicone O-ring enclosed in cage, and C) in 
FET medium. All measurements were conducted similar to the respective ecotoxicity test. Each data point 
represents a single measurement. Additionally, mean±SD are given for each sampling. The dotted lines show 
the overall plateau concentration from 0 h to 96 h (mean±SD). 
 
5.6.3  Aquatic toxicity tests  
After the adaptation of the algal growth inhibition test to the new passive dosing approach 
(Chapter 4), the aim of this study was to expand the range of adapted aquatic ecotoxicity 
tests to organisms of higher trophic levels using the same model substance (DDB). 
Therefore, Daphnia tests and FET tests have been chosen to consolidate the performance of 
the new passive dosing approach and to increase the number of reliable toxicity data of 
DDB exactly at the saturation level (i.e., maximum exposure/at chemical activity of unity). 
   Chapter 5 
    114 
Loading by swelling as well as pre-equilibration was simple and practical, and found to be 
fully compatible with both test systems. Measured DDB concentrations confirmed the 
stability of exposure concentrations throughout the test durations (see above). In the FET 
tests controls and global controls did not show any lethal or sublethal effect within the test 
duration of up to 96 h. However, in the Daphnia tests the immobilization of several global 
controls exceeded the validity criteria (Figure 20), thus, only samplings between 24 and 72 h 
were regarded reliable. 
The Daphnia tests required some optimization work. First, three adapted Daphnia tests have 
been conducted by directly applying saturated silicone O-rings to establish exposure exactly 
at the saturation level (Chapter 4), i.e., at 16±3 µg L-1 (Figure 19A). All treatments showed 
increasing Daphnia immobilization over time up to 72±11% in test 1, 64±22% in test 2, and 
80±14% in test 3 (mean±SD) after 72 h at the maximum DDB concentration in aqueous 
media (solubility) (Figure 20). However, it was observed, that almost all immobilized 
daphnids were associated with the O-rings, partially with weak vital signs. This was not the 
case in the controls. Whether the daphnids were stuck to the polymer due to adhesive 
effects or immobilized by the dissolved test substance cannot be differentiated according to 
the OECD Guideline (OECD 2004), as all immobilized daphnids have to be counted 
independent of the cause of immobilization. Several investigations have been conducted on 
rinsing the O-ring surface before the test by means of methanol or ultrasonication. Both 
procedures led to slightly decreased immobilization, but at the same time represent a serious 
impact on the saturation of the polymer due to dissolving parts of the DDB (data not 
shown). This was found to be a criterion for exclusion. Finally, to solve the problem and to 
prevent potential side-effects, an O-ring enclosure cage was developed, allowing for 
application of saturated O-rings, but detaining daphnids to get in direct contact with the 
polymer surface. The cage has been applied in six Daphnia cage tests. The treatments 
showed increasing immobilization over time up to 32±23% in test 1, 32±18% in test 2, 
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12±27% in test 3, 8±11% in test 4, 20±20% in test 5, and 12±18% in test 6 (mean±SD) after 72 
h at DDB solubility (Figure 20). In tests 3 to 6 the controls exceeded the validity criteria after 
96 h (immobilization > 10%), thus have been excluded. Immobilization was significantly 
reduced (after 48 and 72 h) compared to the tests without a cage. As adhesive effects of the 
O-rings can be excluded, the (decreased) effect may be directly related to the presence of 
freely dissolved test substance.  
Contrary, none of the conducted FET tests did show any lethal or sublethal effect when 
applying saturated silicone O-rings to establish DDB exposure exactly at the saturation 
level, i.e., 12±3 µg L-1 (Figure 19C). As a possible reason, several publications discuss the 
function of the chorion as a barrier for chemicals (Kais et al. 2013, Henn and Braunbeck 
2011). Also the proper metabolism/elimination capabilities of fish related to linear 
alkylbenzenes (LAS) like DDB have been mentioned (Gledhill et al. 1991). However, DDB 
exposure at saturation did not affect fish embryos in this study, but the methodology offers 
a basis for further investigations of similar compounds. 
Technically, the observations of this study support the precision and reproducibility of the 
novel passive dosing approach. The adaptation of both test systems, Daphnia test and FET 
test, was found to be simple and facilitating, resulting in well-defined constant exposure 
concentrations (Figure 19). Scientifically, the present study was able to expand the range of 
available toxicity data for the model substance DDB at saturation, and to prove the 
applicability of the new approach for aquatic toxicity testing. Additionally, the results, 
especially the ones derived from Daphnia tests, raise important questions about the toxicity 
assessment of highly hydrophobic substances. 
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Figure 20: Illustration of the Daphnia immobilization tests with dodecylbenzene. A) Chart showing all 
conducted Daphnia tests (light blue) resp. Daphnia cage tests (dark blue) of dodecylbenzene (DDB) exactly at 
its saturation. Each bar represents the immobilization mean±SD [%] of a Daphnia magna immobilization test at 
the respective sampling time (24, 48, 72, and 96 h). Sampling at 96 h was only carried out in the Daphnia cage 
tests, not within the standard Daphnia tests (n/a). The cross marks test samplings where control 
immobilization exceeded the validity criteria.  B) Photography of a silicone O-ring cage containing an O-ring 
(Altec product code ORS-BS309), top grid, and closure ring. 
 
There are only few reported toxicity data available on different mixtures of LAS (mean alkyl 
chain lengths of C11-C13) including dodecylbenzene, however, present in undefined 
concentrations (Gledhill et al. 1991). By spiking the medium with carrier solvents, acute 
effects of LAS below solubility (denoted with 41 µg L-1) were observed only in daphnids, but 
not in other invertebrates, fish, or algae. By contrast, we observed inhibitory effects on the 
same algae species already at solubility in our previous study (Chapter 4). However, the 
reported EC50 values of 9 to 80 µg L
-1 for daphnids after 48 h overall support our results 
(Gledhill et al. 1991). In the present study, exposure at saturation level (i.e., 18±3 µg L-1) led 
to an immobilization effect of 11±19% (mean±SD) in daphnids after 48 h. However, 
prolongation of the test to 72 respectively 96 h led to increased effects on daphnids in the 
present study (Figure 20). The possible underestimation of toxicity of highly hydrophobic 
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substances due to short test durations has already been discussed (Smith et al. 2010a, Mayer 
and Reichenberg 2006, Kwon et al. 2016), but certainly, prolongation is limited in static 
systems due to limited availability of nutrients and oxygen. As can be seen in Figure 20, four 
out of six Daphnia cage tests were invalid due to the controls exceeding the validity 
criterion of 10% immobilization. Thus, a prolongation of acute Daphnia immobilization tests 
to more than 72 h seems inappropriate. Additionally, the application of closed test systems 
is highly recommended, as highly hydrophobic liquids like DDB might exhibit high air 
water partitioning coefficients (KAW) in aqueous media (Chapter 4), impeding 
concentrations to be kept at saturation. The combination of passive dosing at saturation, 
suitably prolonged test durations and closed test systems, is found to be a recommendable 
optimization for testing highly hydrophobic substances. 
Another important implication of the present study concerns activity-toxicity relationships 
and toxicity cut-off phenomena. By now, we exposed three species of different trophic 
levels to DDB at the saturation limit. Whereas there was no toxicity observed in fish 
embryos, toxicity to algae (Chapter 4) and daphnids was moderate but definite. Related to 
the reported hydrophobicity cut-offs in toxicity for substances with log Kow above 5-6 
(Opperhulzen et al. 1985, Gobas et al. 1988, Könemann 1981) no aquatic toxicity of DDB 
should occur at all. Related to the reported chemical activity range for baseline toxicity of 
0.01-0.1, however, aqueous toxicity was likely (Mayer and Reichenberg 2006, Mackay et al. 
2009, Schmidt and Mayer 2015). Regarding that two out of three species were affected by the 
test substance in our tests suggests that a general toxicity cut-off does obviously not exist. 
The absence of baseline toxicity in fish embryos when testing at chemical activity of unity 
might be explainable by the chorion barrier or effective metabolism of this higher life form. 
Surely, more data are needed to finally question the presence of toxicity cut-offs, but the 
here developed test system and the provided toxicity data set are a good basis for further 
investigating and challenging these phenomena. 
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6.1  Overview 
The general conclusion of this thesis is divided into separate considerations of the two 
model compounds bromochlorophene (BCP) and dodecylbenzene (DDB). As the BCP study 
mainly focused on the conventional application of passive dosing in comparison with co-
solvent setups for testing moderately soluble substances, the DDB studies are clearly aligned 
towards the method development and application to assess highly hydrophobic substances. 
However, all studies are connected in some points and will be jointly discussed at the end of 
this Chapter.  
 
6.2  Bromochlorophene studies 
The experimental results dealing with the model substance bromochlorophene (BCP) have 
contributed to the further development and communication of “conventional” passive 
dosing methods. Additionally, they provided a detailed investigation on the ecotoxicological 
potential of BCP. Although BCP is of secondary importance regarding the industrial 
application and distribution, it is an exemplary representative of the important group of 
cosmetic preservatives. Since no ecotoxicological data were available for this compound 
previously to this study, the generated data are useful as part of the methodology 
development as well as for the risk assessment of this group of chemicals. Especially the 
algal growth inhibition assay showed a comparatively low effect concentration (EC50) of 
0.08±0.01 mg L-1 (mean±95% CI) within 72 h. The other ecotoxicity tests, i.e., Daphnia 
immobilization test and fish embryo toxicity test, revealed only slightly higher effect 
concentrations (see Chapter 4 and Chapter 5). Additionally, notable differences have been 
detected between the application of passive dosing and the more prevalent co-solvent setup. 
Especially the data of the algal growth inhibition test identified a potential risk of 
underestimating effect concentrations by use of co-solvents in ecotoxicological 
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investigations of poorly soluble compounds. This effect might emerge, maybe even stronger, 
when testing more hydrophobic substances than BCP. In conclusion, we were able to 
demonstrate the good comparability, reliability, and also the easy handling of the passive 
dosing methodology. 
Beside this, the study results point to the problematic estimation of water solubility and 
hydrophobicity. Especially due for substances like BCP, the importance of taking into 
account functional groups, pKa values, and pH data when classifying a chemical’s solubility 
was highlighted. On the other hand, it was shown, that proper analytical methods should be 
applied in parallel to each ecotoxicity test, giving reliable data on the freely dissolved 
fractions especially in case of poorly soluble test compounds.  
 
6.3  Dodecylbenzene studies 
The determination of the aqueous solubility of dodecylbenzene (DDB) has two major 
implications: first, experimental solubility data were absolutely necessary for all further 
DDB studies to clearly classify the substance as a poorly soluble and highly hydrophobic 
compound, hence to be able to develop suitable methods and further to be able to 
experimentally evaluate theories like the "poorly solubles approach" or the hydrophobicity 
cut-off hypotheses (Tolls et al. 2009, Mayer and Holmstrup 2008, Könemann 1981). 
Secondly, the utilization of the passive dosing methodology for solubility determinations 
and for analysis of freely dissolved fractions was shown to have major advantages in 
comparison to existing methods and computer based estimations. Parallel to the solubility 
determination, a reliable analytical method (GC-MS) for a reproducible determination of 
various DDB concentrations down to the lower µg L-1 range could be successfully 
established. Altogether, DDB was confirmed to be a highly hydrophobic compound with an 
extremely low water solubility below 10 µg L-1 (see Chapter 3).   
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The technical aim of this thesis was to develop and improve ecotoxicological methodologies 
for the testing of poorly soluble substances. Based upon a range of previously published 
passive dosing methodologies (see Chapter 1), this study finally led to the development of a 
novel approach for testing highly hydrophobic chemicals at saturation, i.e., exactly at their 
solubility threshold. The so-called passive dosing limit test (described in Chapter 4 and 
Chapter 5) has been adapted to existing ecotoxicological standard tests, such as the algal 
growth inhibition test (OECD 2011), the Daphnia magna immobilization test (OECD 2004), 
and the fish embryo toxicity test (OCED 2013). DDB was the main model substance of this 
study and was applied in all of these tests. Commercially available silicone O-rings were 
used in terms of easy accessibility, high reproducibility, and simple handling. Altogether, 
this led to a novel format which might offer the potential to optimize ecotoxicological 
testing of highly hydrophobic and poorly soluble substances towards a high level of 
reliability. 
The scientific aim, however, was to obtain data from the exemplary application of a poorly 
soluble model substance, i.e., dodecylbenzene, in the developed methods and to use the 
results to give a first evaluation of the “poorly solubles approach” and hydrophobicity cut-
off hypotheses. The implementation of ecotoxicity tests with DDB based on conventional 
passive dosing methodologies prior to the results presented in this work did not show any 
toxic response (see Appendix: Figure A 2, Figure A 3, and Figure A 4). This was one reason 
for optimizing the conventional passive dosing towards the passive dosing limit tests. 
Detailed investigations have been performed on the swelling potential of the silicone O-
rings, on the distribution of DDB to the medium, and on the constant equilibration between 
silicone and medium throughout the test durations. The determined considerably high 
swelling capacity of silicone, hence the sufficiently large substance reservoir, ensures 
constant delivery of the test substance over a long test duration. As additional 
modifications, the passive dosing limit test was basically established in closed test systems 
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to counteract potential evaporation of the test substances and prolonged to the maximum 
possible test durations. After reliably determining these general conditions, ecotoxicological 
effect concentrations could be successfully measured in algal growth inhibition (10.8% after 
72 h; mean) and Daphnia immobilization tests (19.3% after 72 h; mean) at the maximum 
solubility of DDB. No effects were observed in the fish embryo toxicity tests (see Chapter 5). 
Clearly, the here developed method is only applicable to substances that are liquid under 
test conditions, but more than 300 poorly soluble substances constitute a quite large number 
used in commercial products. 
The “poorly solubles approach” (Tolls et al. 2009) refers to a statistically determined 
solubility threshold ETNCaqua (De Wolf et al. 2005) of 1.9 µg L
-1 under which neither acute 
nor chronic ecotoxicological effects shall occur. The water solubility data of DDB obtained 
experimentally in this study were slightly higher than the ETNCaqua. Two important 
certainties make the DDB results affecting the “poorly solubles approach” anyway: First, an 
exact quantification of the test substance within the range of 1 to 10 µg L-1 is considered to 
be unrealistic due to the experience gained with the used analytical procedures. 
Comparatively large standard deviations are hard to prevent. Secondly, the ETNCaqua is a 
statistical value including a safety factor (originally: application factor) of 10 for baseline 
toxicity. Thus, 95% of the employed experimental data (NOEC studies) did not show any 
effect below 19 µg L-1 (De Wolf et al. 2005). Almost all experimentally determined DDB 
solubility data of this study were well below this value. Of course, a final evaluation of the 
“poorly solubles approach” is still not possible with the ecotoxicity results of only one test 
substance. Nevertheless, the ecotoxicity testing of just one highly hydrophobic substance 
with a novel and suitable methodology led to the measurement of distinct ecotoxic effects in 
two out of three tested aqueous species. Our findings therefore at least demand for an 
intensive discussion on the existence of a general toxicity threshold. The testing of other 
(model) substances is therefore strongly recommended.  
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Regarding other so-called hydrophobicity cut-off phenomena (Chapter 1) the situation is 
essentially the same. DDB with a log Kow of 8.65 clearly lies above the proposed cut-off in 
toxicity (Opperhulzen et al. 1985, Könemann 1981) but, nevertheless, was toxic for two of 
three tested aquatic organisms. Whereas for fish embryos no toxic effects were observed, for 
daphnids effects occurred mainly during a prolonged test duration (72 h). Algae were 
affected during a standard test duration. It seems likely that published hydrophobicity cut-
off phenomena are at least partly based on unsuitable testing methods, rather than towards 
a general principle. However, testing of more poorly soluble substances with adequate 
methods is necessary to challenge such hypotheses.    
 
6.4  Final discussion 
The experimental data of both test substances, bromochlorophene and dodecylbenzene, 
suggest that the methodology of the passive dosing is a robust method for the aquatic 
toxicity testing of a range of moderately and poorly soluble chemicals. In particular, the 
passive dosing limit test offers promising qualities for assessing the ecotoxicological 
relevance of liquid highly hydrophobic and poorly soluble substances, i.e., not only 
ecotoxicity, but also solubility. The development and application was successfully 
completed within this thesis.  
But, although meanwhile many studies have utilized passive dosing successfully and 
adapted it to ecotoxicological standard methods, a standardization of this promising tool is 
still lacking. Several environmentally relevant groups of chemicals (e.g., poorly soluble 
substances, such as many cosmetic ingredients) would be comparatively easy to investigate. 
Thus, passive dosing could influence the current risk assessment in a positive way, also in 
terms of PBT and vPvB assessments. Hence, more standardization could provide basis for 
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extensive testing of other poorly soluble chemicals and for further assessment of the “poorly 
solubles approach” and hydrophobicity cut-off hypotheses. 
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   Appendix B 
Appendix overview 
This appendix contains 5 pages (Appendix A – Appendix L). Page Appendix C shows the 
fluorescence measurement of dodecylbenzene (DDB)(Figure A 1). Page Appendix D shows 
the results of DDB exposure in Microtox® assays (WCMUC 1994) adapted to conventional 
passive dosing (based upon loading with methanol DDB solutions) and of corresponding 
DMSO carrier solvent spiking experiments (Figure A 2). Page Appendix E shows the results 
of DDB exposure in algal growth inhibition assays and Daphnia magna immobilization tests 
according to OECD Guidelines (OECD 2004, OECD 2011) adapted to conventional passive 
dosing (Figure A 3). Page Appendix F shows the results of DDB exposure in two chronic 
Daphnia magna immobilization tests according to OECD Guideline 208 (OECD 2008) 
adapted to conventional passive dosing (Figure A 4). Pages Appendix G and H give the 
Curriculum vitae and pages Appendix I to K give the List of publications.  
  
   Appendix 
   Appendix C 
Appendix: Dodecylbenzene fluorescence measurement 
 
Figure A 1: Fluorescence measurement of dodecylbenzene by a fluorescence spectrometer (Tecan 
Infinite® 200 PRO, Tecan Group Ltd., Männedorf, Switzerland). Excitation wavelength [nm; Z-axis] is plotted 
against emission wavelengths [nm; X-axis] and plotted against light intensity [Y-axis]. A) Whole excitation 
and emission spectrum with intensity cut-off at 100000. B) UV range spectrum of high intensity area. Highest 
emission area was measured between 280 and 288 nm at a excitation wavelength of 242 nm.  
   Appendix 
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Appendix: Microtox® assays (DDB) 
 
Figure A 2: Microtox® assay with dodecylbenzene based upon the Western Canada Microtox Users 
Committee Standard Procedure (1994) was adapted to conventional passive dosing with silicone O-rings, 
PDMS disks, and to spiking of DDB with DMSO as a carrier solvent. A Microtox® M500 analyzer was used for 
measuring (Modern Water plc, Guildford, UK). Both passive dosing approaches have been prepared by loading 
the polymers with differently concentrated methanol DDB solutions ranging from 100% saturation to 3% 
saturation, followed by pre-equilibration for 24 h. Respectively, DMSO DDB solutions have be used for spiking 
the DMSO tests. Unloaded polymers resp. DMSO at spiking concentration were used as negative controls, 
whereas a 10 mg L⁻¹ ZnSO₄ solution was used as positive control. The graphs show test duration plotted 
against luminescence activity of the bacteria relative to the respective control. Each data point represents the 
mean±SD of 3 replicates per concentration. 
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Appendix: Algal growth inhibition tests adapted to conventional 
passive dosing (DDB) 
 
Figure A 3: Illustration of four (pooled) algal growth inhibition assays (A) and four (pooled) acute 
Daphnia magna immobilization assays (B) according to OECD Guidelines 202 and 201 and adapted to 
conventional passive dosing of dodecylbenzene (DDB). Passive dosing was conducted by using silicone O-rings 
loaded with methanol DDB solutions in different concentrations ranging from 100% saturation to 2% 
saturation. Pre-equilibration was performed for 48 h prior to each test. Unloaded silicone O-rings were used as 
controls. Loading concentration is plotted against algal inhibition resp. Daphnia immobilization after 72, 96, 
resp. 48 h. Each bar represents the mean±SD inhibition resp. immobilization of four tests, each with 4 
replicates. 
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Appendix: Daphnia magna reproduction tests adapted to conventional 
passive dosing (DDB) 
 
Figure A 4: Two chronic Daphnia magna reproduction assays according to OECD Guideline 208 
adapted to conventional passive dosing of dodecylbenzene. Passive dosing was conducted by using 
silicone O-rings loaded with methanol DDB solutions in different concentrations ranging from 100% saturation 
to 6.25% saturation. Pre-equilibration was performed for 48 h prior to each test. Unloaded silicone O-rings 
were used as controls. A) Loading concentration is plotted against the mean±SD number of offspring per adult 
in four replicates. The dashed line shows the minimum offspring as a validity criterion. Test 1 has to be 
regarded invalid due to the controls not reaching this criterion. B) Loading concentration is plotted against the 
length of the neonate offspring. Each data point represents a single measurement. Additionally mean±SD is 
given for each concentration. C) Loading concentration is plotted against the length of adult daphnids. Each 
data point represents a single measurement. Additionally mean±SD is given for each concentration. 
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